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Abstract
This thesis describes the design, implementation, and use of an integrated design
tool to predict and optimize the performance and costs associated with producing a
novel, functionally silent commercial aircraft design. This tool is used to produce and
evaluate an aircraft design, to evaluated trades between different potential missions
and performance measures, and then to compare this low-noise design with current
commercial aircraft.
The nature of the integrated problem of designing for noise, which must take into
account engine and airframe design, operational requirements, economics of airline
operation, and noise generation, is described. A Blended-Wing-Body (BWB) con-
figuration was selected for use as the basis for the silent aircraft platform due to its
inherent potential for low-noise operations. This configuration was modeled using the
design tools developed for the project as well as Boeing’s WingMOD software. Both
the design tools developed here and the WingMOD software are described. These
models were used to perform design space trades with respect to aircraft range, cruise
parameters, planform shape, acoustic performance, and engine performance require-
ments. The results of these trade studies were used to determine the performance cost
of low noise configuration choices as well as the best mission and airframe constraints
to apply to the silent aircraft.
A Direct Operating Cost (DOC) model was developed from existing empirical
relations. This DOC model was used to evaluate the cost of low noise designs and
more stringent noise-based landing fees. It was also used to compare the silent aircraft
with modern commercial aircraft to assess whether an aircraft designed with noise as
an objective could be competitive with current aircraft.
A design which utilized the results of the trade studies was presented and evalu-
ated. The performance was reviewed in terms of aerodynamics, weight, economics,
operations, and acoustics. The resulting design is compared with current commercial
aircraft using the DOC model to evaluate how economically competitive the silent
aircraft would be under current and potential future landing fee schedules. The com-
parison shows that a silent aircraft can achieve a DOC of approximately $0.056 per
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seat-nautical mile, nearly equal to the cost computed using the same model with data
for the Boeing 747-400. When an aggressive landing fee schedule is assumed, where
all current aircraft face increased landing fees due to noise, then the silent aircraft
becomes economically dominant instead of just competitive, showing an approximate
advantage of 19% when its DOC is compared with the 747-400 or any of various other
current commercial transports operating under the more stringent fee schedule.
Thesis Supervisor: Karen Willcox
Title: Assistant Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
The noise generated by departing and arriving aircraft causes a great deal of damage
and disturbs many people in built-up areas. One region in which aviation noise
has been extensively studied and controlled is London. Estimates from the United
Kingdom Department for Transportation put noise costs for Heathrow airport in the
range of £293 millon (approximately $571 million) in lost property value alone [38].
Estimates of the actual total ‘cost of noise’ are often put at five or ten times this value
when factors such as lost health, impeded learning, and noise abatement procedures
are included. The extremely large amounts of money, productivity, and health lost to
aircraft noise have resulted in the formation of many community action groups. These
groups in turn cause some of the costs to be shouldered by the operators of aircraft
and airports. These groups also help to bring about noise-abatement procedures.
Noise has therefore been integrated into the cost of commercial aviation.
Once the cost of noise in either operational or communal terms can be measured, it
can be accounted for in the value, or lack thereof, for a commercial aircraft. Aircraft,
operational procedures, and technologies that reduce noise are no longer ‘nice to
haves’ that will come about late in the design process. It is essential that their value
be evaluated at the earliest stage of a design. A design with noise as an objective or
constraint at the early conceptual level is the only way to produce a design that truly
takes account of the costs associated with aircraft noise.
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1.1 Aircraft Noise Sources
The noise generated by a commercial airliner has various sources on the airframe
and the engines. The absolute and relative values of each source vary depending
upon whether the aircraft is arriving or departing. A picture representing the various
sources on a conventional aircraft and the noise they generate is shown in Figure 1-1.
Many of these sources have been attacked over the past decade in efforts to reduce
the impact of airports on surrounding communities.
Figure 1-1: Aircraft noise sources during approach and takeoff (from [23]).
The noise generated by the high-speed air exhausted from turbojets was originally
the dominant noise produced by jet aircraft. This was mitigated by reducing exhaust
velocities through the use of turbofans. Higher bypass ratios produce slower yet larger
jets of air. The jet of air produced by a turbofan is further quieted by mixers inside
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the engine and acoustic liners, which absorb some of the noise before it can pass out
of the engine.
Once the engine was sufficiently quieted, the airframe itself became a significant
noise source on approach, simply because so much progress had been made on the
engine. This problem has only been dealt with on a limited basis. Slats can in some
cases be replaced with drooped leading edges without a great deal of aerodynamic
performance penalty. Cavities from extended landing gear could potentially be cov-
ered. Other airframe noise sources can all be modified to a certain extent to achieve
reduced noise.
The problem with these efforts is that all sound sources on an aircraft must be
addressed at the same time in order to lower the overall noise impact. Any part
that is not addressed will become dominant as the other noise sources are eliminated.
Since human sound sensitivity works on a logarithmic scale, the perceived volume of
the aircraft will closely parallel the loudest source. In addition, only an effort that
considers all parts of the aircraft and its operation will yield the greatest effects,
since the quieting of any one source must be weighed against requirements that such
a change places on other components of the aircraft. This is why an integrated effort
comprising full aircraft noise reduction is required.
1.2 The Silent Aircraft Initiative
In order to undertake the type of holistic design for noise required to produce a step-
change in performance of commercial transport aircraft, the Silent Aircraft Initiative
(SAI) was created by the Cambridge-MIT Initiative (CMI). The SAI is tasked with
producing the airframe, engine, and operational design, as well as the economic im-
pact, of an aircraft which will be quiet enough that its operation has no acoustic
impact upon an observer in a built-up area. The core of the SAI is organized into 5
teams. These teams and their interaction are depicted in Figure 1-2.
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Figure 1-2: Team organization and information flow in the Silent Aircraft Initiative.
1.3 Integrated Design for Noise
The Silent Aircraft Initiative represents the kind of integrated design process that
is required in order to dramatically reduce the noise impact of commercial aircraft
operations. Every portion of the aircraft and every phase of its operation must be
looked at for potential reductions in noise. Noise must not be looked at as a nuisance
regulation that the aircraft’s final design must be adjusted slightly to achieve, but as
an objective to be met at the possible expense of some other goals. An integrated
design space must be used to exploit synergy between systems on the aircraft and the
operational requirements.
Some examples of this sort of interaction between systems are as follows:
• The engines can be naturally shielded from the ground by the airframe or the
wing if mounted above or within them. This installation location is natural for
some airframes such as a flying wing due to the thickness and long chord of the
wing.
• Advanced avionics allow for greater automation during approach. These steps
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towards automation may also allow high capacity Continuous Descent Ap-
proaches (CDA). CDAs can both save fuel and reduce noise by keeping the
aircraft at a higher altitude for a longer period of time and reducing the num-
ber of throttle position changes made during approach.
• Boundary layer ingesting inlets have the potential to improve fuel economy by
removing the boundary layer from a surface and ingesting this air into the engine
inlet. The decreased efficiency of the engine is balanced or even outweighed by
the increased aerodynamic performance of the wing. This method also reduces
the noise which would have been otherwise generated by the thick boundary
layer leaving the trailing edge of the wing.
• Landing gear generate a great deal of drag and noise on approach. This drag is
often needed by the aircraft to simultaneously decelerate and descend. However,
if the drag can be produced in a quieter fashion, and the landing gear are faired,
then they will generate less noise and give the pilot more control over drag
generation.
1.4 Background and Related Work
Multidisciplinary Design and Optimization (MDO) is the process whereby models of
each discipline involved in a project are joined to produce a full system-level model,
which is linked to some form of optimization. This model-optimizer combination
is then used to explore high-level decisions and design trades. The key benefits in
doing so are that such tradeoffs can be made with quantitative information from
each discipline, and that this information can exploit synergy among the disciplines
that might otherwise be impossible to predict [12]. The designer has access to more
information earlier in the design process, thereby producing better decisions at the
stage of design where decisions have the most impact. A conceptual illustration of this
concept is provided in Figure 1-3. The Figure shows both the increased knowledge
early in the design process, and the accompanying retention of design freedom later
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into the conceptual design process.
Figure 1-3: A conceptual illustration of the goal of MDO in the design process (taken
from [47]).
Studies using MDO to aid in conceptual aircraft design have been made in nu-
merous areas. Venter and Sobieszczanski-Sobieski showed that traditional metrics
like aircraft range can be extended through variations that might otherwise seem
only loosely coupled [39]. In their study of transport wing optimization, optimal
range was achieved not only through overall wing shape changes, as would be ex-
pected, but by a choice of construction technique whereby the internal spar was
removed while the use of skin stiffeners was incorporated. This exploitation of the
interplay between disciplines (here, aerodynamics and structures) is typical of MDO
in conceptual design.
Another objective that is often minimized in aircraft MDO is Maximum Takeoff
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Weight (MTOW). By minimizing MTOW, designers hope to produce an inherently
inexpensive aircraft by producing a small aircraft, while incorporating the fuel weight
into the objective as part of the MTOW, so that both the acquisition costs and
the operational costs are low. This technique produces particularly impressive results
when the coupling of the disciplines in an airframe are strong, as in Boeing’s Blended-
Wing-Body concept [17, 16]. Wakayama demonstrated that MDO codes can be used
to both balance and reduce the MTOW of an aircraft simultaneously by exploiting
geometric changes to the airframe [43].
Aircraft optimization can be taken to the level of the aircraft development program
itself to produce configurations that are optimized for less traditional metrics such
as value for the manufacturer. Peoples and Willcox showed that using a value-based
optimization can generate a program value that is 2.3% higher than the value of a
program with a design optimized for MTOW [25]. They also found that a greater
difference in program value exists when MDO is brought in earlier in the design
process, and design parameters such as range and cruise Mach number are allowed
to vary [24]. This supports the generalization mentioned earlier, that MDO at earlier
stages in design pays off to an even greater extent as more fundamental decisions can
be guided by its use.
Noise too has been traded against other performance methods using MDO. An-
toine and others applied multidisciplinary optimization to determine the extent to
which noise can be traded against other performance measures [2]. They found that,
of the different figures of merit that could optimized (takeoff weight, operating cost,
noise, NOx emissions, and fuel burn), optimization for noise required the greatest
concessions in the other potential objectives. In order to achieve a cumulative 15 EP-
NdB decrease in total certification noise, operating costs rose 26%, MTOW rose 27%,
fuel load rose 17%, and NOx emissions rose 33% relative to the aircraft optimized for
operating costs.
The extremely high cost to reduce noise is indicative of how well optimized current
transport aircraft are for low operational cost, and how poorly suited they are to
modification for lower noise operation. At the advent of jet aviation, transports made
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inherent steps towards lower fuel burn and lower noise by switching to turbofans,
and then to high bypass-ratio turbofans. However, the decline in noise generated
by aircraft has always been partially countered by the increased use of air travel.
Now that reductions in noise per takeoff or landing have slowed, FAA estimates
predict that the two factors, increased operations and decreased noise per operation,
will completely offset each other, so that no net progress will be made in reducing
peoples’ exposure to aviation noise (Figure 2 in [41]). As the previous paragraph
points out, the incremental gains made by improving the acoustic performance of
turbofans and modifying procedures to mitigate noise have essentially pushed the
current configuration to the limits of its low noise potential. What is needed to
significantly reduce noise again is innovation at the conceptual level, supported by
further MDO with noise as an objective.
A preliminary assessment of the feasibility of a functionally silent aircraft was
performed by Pilczer [27]. This work showed that many challenges exist, but that
a combination of noise reduction technologies integrated on a revolutionary airframe
could potentially achieve massive noise reductions, on the order of 22.5 dB on takeoff
and 30 dB on approach. These reductions would be achieved through extreme changes
to airframe, engines, flight paths, procedures, and controls. They would also require
the clearing of very large technological and regulatory hurdles.
Another proposed method for achieving a very large decrease in the noise that
populations near airports are exposed to is described by Lilley [18]. Lilley’s approach
is a combination of drastic increases in low speed aircraft performance and exploita-
tion of the inverse-square law that governs sound propagation. If aircraft can achieve
CLmax values greater than 2 through circulation control, then aircraft can decrease
their takeoff and touchdown speeds, increase departure and approach angles, and take
off and land in shorter distances. As a result, aircraft could land and take off near
the mid-point of current runways, thereby maintaining a greater altitude outside the
airport boundary.
Lilley also advocates changing land use patterns directly adjacent to airports so
that less noise-sensitive industrial-type operations can take over the area which is
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often currently occupied by residences. The further noise-sensitive buildings are from
the airport, the greater the potential altitude of overflying aircraft. This greater
altitude means that sound will propagate further in order to reach people on the
ground, allowing greater dissipation of the sound waves. This land-use change in
combination with the performance changes detailed above have the potential to reduce
the noise reaching residential areas by 20 dBA [18]. However, both the performance
goals and the land use challenges proposed by Lilley are formidable.
1.5 Thesis Objectives and Outline
Based upon the work done and the limitations discussed in Section 1.4, the objectives
for this thesis are as follows:
1. Create a framework for unconventional aircraft conceptual design that can be
used to design for noise.
2. Utilize this framework and others that already exist to assess the system-level
performance of aircraft designed for noise, and establish the cost of noise for
new configurations.
3. Explore barriers to and opportunities for improvement in low noise aircraft
design.
4. Provide direction and feedback to the Airframe, Engine, Economics, and Oper-
ations groups in the SAI regarding the effects of each team’s choices upon the
performance of the silent aircraft.
In Chapter 2, an unconventional configuration is selected based upon potential
ability to meet the stringent low-noise goals of the SAI while maintaining a competi-
tive market position. The specific requirements for the aircraft are detailed, and these
requirements are translated into potential characteristics for an aircraft. A decision
is then made regarding what sort of configuration would have the greatest likelihood
of achieving all of the stated requirements simultaneously.
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Chapter 3 discusses the various factors that weigh upon the decision of a nominal
mission for the silent aircraft. It details which components of the design point towards
the merits of longer and shorter range and more or less passengers, and then merges
these into a decision regarding the mission that the silent aircraft is expected to
fly. Before the mission and configuration choices are translated into aircraft models
in Chapter 5 however, a simpler conventional model is laid out in Chapter 4. The
reasons for this sidestep are many:
• The conventional model allows this research to fulfill a further goal of the SAI
by providing a framework for evaluation of current configurations for acoustic
performance, in addition to the already stated goal of producing new designs.
• The results obtained from trade studies with the conventional model can be
compared with the research discussed in Section 1.4, to validate parts of the
model that are reused in the unconventional model.
• The conventional model itself serves as the basis for the unconventional model,
providing a coding framework that need not be completely thrown out in order
to model a different type of aircraft.
The unconventional model’s structure and methodology are then described in
Chapter 5. This chapter also describes the integration of a Direct Operating Cost
(DOC) model and the use of an existing unconventional model (WingMOD) [43].
The existing models and those constructed for this research are then used to
perform a series of studies to determine the effects of integrating noise-based decisions
into the design process in Chapter 6. The resulting changes in the inputs and outputs
for the models are weighed in terms of the difference in DOC that design for noise
generates.
The different trades that exist between noise and other performance metrics when
the conventional aircraft is disregarded are outlined, and corresponding data regarding
the relative cost of optimization for noise is shown. Finally, the conclusions from this
research and directions for future work in this area are discussed in Chapter 7.
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Chapter 2
Configuration Selection
No single integrated model can support the evaluation of an infinite number of po-
tential configurations for the silent aircraft. As such, a single configuration must be
proposed, and then this decision must be validated. This process is done by first
reviewing the requirements for the silent aircraft, then determining how these re-
quirements translate to characteristics of a potential airframe, and then describing
the chosen configuration and its merits in the context of the requirements.
2.1 Silent Aircraft Requirements
The requirements which will guide in the selection of a configuration, a general mis-
sion, and in the more detailed design of the silent aircraft are as follows:
• The aircraft will be quiet enough such that it will be inaudible outside of the
airport boundary to those inside a typical household.
• The technology and design decisions required to achieve the noise decrease rep-
resented by the silent aircraft must not drive its operating costs out of the range
of competition with current commercial aircraft.
• The silent aircraft design is to assume technology levels consistent with a 2030
entry into service date.
25
These requirements were formulated as part of the team’s proposal for the Silent
Aircraft Initiative [4]. They follow directly from the goal of producing a viable con-
ceptual design that could be commercially successful in the time-frame when such a
design might be produced while still meeting the goal of being essentially inaudible
to those not within the airport boundary.
2.2 Effect of Requirements on Configuration
2.2.1 The noise requirement
The noise requirement stipulated in Section 2.1 means that each component of the
silent aircraft will have to be very quiet. That is, no amount of engine quieting,
up to and including making the engine completely silent, would make the aircraft
satisfy this requirement, since the airframe will generate too much noise on approach.
Section 1.1 and Figure 1-1 in particular illustrate the requirement for comprehensive
noise reduction over the entire aircraft.
The fact that the noise requirement is an absolute rather than a relative one also
has the effect of limiting the size of the aircraft. There is no physical law saying that
larger aircraft are necessarily noisier than smaller aircraft, but it is easy to create
examples that illustrate the increasing difficulty of achieving a fixed noise goal with
an increasingly large airframe. For instance, if an aircraft were to use a low-velocity
jet to lower a portion of the engine-related noise, then increasing the weight of the
aircraft would not mean that a larger jet of the same velocity could be used. A larger
jet of the same velocity would generate more noise. Similarly, an increase in wing size
would be accompanied by an increase in noise. Countering the engine noise would
require better technology, more shielding, or some other solution. Countering the
wing noise would require quiet high lift or a longer takeoff roll. Any of these options
represents difficulty in producing a larger silent aircraft.
The noise goal of the SAI is so low that simple inlet/exhaust shielding for the
engine will not be effective enough to keep the engine within its noise allowances. As
26
such, it will need to be “inherently shielded” via its location on the airframe. This
means that its location must block propagation down to the ground. There are a few
options for this. Mounting the engine over the fuselage or wing helps to achieve some
shielding. Mounting the engine within some structure achieves even more shielding.
This also creates longer inlet and exhaust ducts. While such ducts may result in
lower performance from the engine, they do introduce much greater opportunity for
shielding of the passages to and from the engine.
2.2.2 The operating cost requirement
The cost requirement stipulated in Section 2.1 necessitates a more inclusive accounting
of the costs of operating an aircraft. That is, the cost of the noise generated by
conventional aircraft, and that which is not generated by the silent aircraft, must be
accounted for. The value of this noise is most immediately seen in the landing fees
paid by airlines [34]. As Table 2.1 shows, the fee charged by an airport can vary by
over 300% depending upon how much noise the aircraft generates.
Table 2.1: Noise surcharges at Heathrow Airport during peak hours [Cited Nov. 2004]
(from [34]).
Aircraft Category Surcharge (£)
Fixed-wing, under 16 tonnes 555.00
Fixed-wing, over 16 tonnes
Chapter 3 (QC 1/0.5) 499.50
Chapter 3 - Base 555.00
Chapter 3 - High 832.50
Chapter 2 1665.00
The values in Table 2.1 refer to the different classifications of aircraft by noise
level. Chapter 2 aircraft are those which generate the most noise, which is why they
face the greatest penalties. The note “(QC 1/0.5)” in Table 2.1 refers to the quota
count category that the aircraft fall into. These categories are listed in Table 2.2.
They further separate aircraft based upon each aircraft’s “Certificated Noise Level”,
the amount of noise generated by the aircraft in certification tests. QC values of 1
and 0.5 are the quietest aircraft, which is why they are listed in a separate category in
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Table 2.1 and face the smallest noise surcharges. The aircraft in other quota categories
are incrementally louder, and therefore face both the increased fees in Table 2.1 and
the increased capacity constraints in Table 2.2. The capacity constraints referenced by
this table are a fixed number for each season. The number of quiet and loud aircraft
used determines how many actual operations the airport can have in a season. For
example if the quota is 8,000, the airport can have 500 QC/16 aircraft (8,000 divided
by the QC value of 16) depart or arrive, 1,000 QC/8 aircraft, and so on up to 16,000
of the quietest QC/0.5 aircraft. The airport and by extension the airline is essentially
penalized in both a monetary and a scheduling fashion for operating loud aircraft.
Table 2.2: Quota count categories at Heathrow Airport [Cited Nov. 2004] (from [34]).
Certificated Noise Level (EPNdB) Quota Count
More than 101.9 QC/16
99-101.9 QC/8
96-98.9 QC/4
93-95.9 QC/2
90-92.9 QC/1
Less than 90 QC/0.5
In selecting a configuration, both the standard measures that make up the DOC
(depreciation/ownership, fuel, maintenance, crew, etc) and these additional charges
must be taken into account. Figure 2-1 shows how the aircraft characteristics con-
tribute to its operating cost, including the costs associated with noise. Though this
flowchart is not all-inclusive, it captures the major characteristics that can be used
to predict the relative operating cost of different aircraft.
In addition to a plan to incorporate noise surcharges into the DOC model, since
the proposed time for this study is approximately 2030, a progression of such noise
surcharging policies must be assumed. For the purposes of this study, it will be
assumed that the airport will not seek to develop increased revenue from such sur-
charges, so that the total amount collected per aircraft will remain relatively stable.
The only factor left is the spreading of cost amongst the aircraft. Once again, a
similar charging structure is assumed. The assumption is that the structure will have
merely shifted so that today’s quieter aircraft are in the spots currently taken by
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Figure 2-1: Flowchart showing how the characteristics of an aircraft dictate its direct
operating cost
either Chapter 2 or the standard Chapter 3 aircraft, and the silent aircraft is in the
spot currently taken by the quietest Chapter 3 aircraft.
Even after accounting for the cost savings that quiet operations will bring, it
is likely that a quieter and therefore larger engine and the other technologies used
to create a low noise airframe will cost more than a conventional airframe. For this
reason, the silent aircraft requires a configuration that reduces some other component
of its DOC (fuel, capital costs, crew costs, etc) so that it remains competitive.
2.2.3 The 2030 entry into service requirement
The service date requirement stipulated in Section 2.1 will lead to assumptions re-
garding available configurations, materials, and operating procedures.
One assumption in particular is that the silent aircraft will fully realize the cur-
rent trend towards composite construction in commercial aircraft. This will result
in a lower predicted weight for the aircraft, leading to lower capital costs and fuel
consumption. Another important assumption regarding materials is that no materials
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that are currently highly-exotic or non-existent will be used. The commercial aircraft
industry is usually relatively conservative in the adoption of new materials. This is in
part because of the long lifespan of aircraft. When an aircraft is expected to operate
for over twenty years, no material that has not been tested and used long enough to
meet such a requirement will be used.
Another result of the 2030 entry into service date of the silent aircraft is that
unconventional configurations can be entertained. This is especially important in the
configuration selection. The silent aircraft need not be the traditional “tube and
wing” which all commercial aircraft currently resemble. The continuous evolution of
materials and computational capabilities in the aerospace industry allows increasing
flexibility and accuracy in the shapes that can be created and the analysis that can
be done on these shapes.
2.3 The Blended Wing Body Configuration
The previous sections in this chapter have laid out the characteristics required of a
configuration which would fit the needs of the silent aircraft. One existing concept
which can be further developed and adapted for use as the basis of the silent aircraft
is the Blended Wing Body (BWB) [17]. A BWB is a revolutionary aircraft concept
which integrates the lifting surface, passenger cabin, engine inlets, and control surfaces
to achieve large reductions in takeoff weight, fuel burn, and installed thrust [16].
Figure 2-2 shows the overall layout of an 800 passenger BWB.
2.4 Selection of the SAX Configuration
The SAI’s configuration, which is dubbed the Silent Aircraft eXperimental (SAX),
will be based upon a BWB configuration. The SAX configuration will build upon the
aerodynamic and operational benefits of the BWB, and incorporate changes needed
to yield an extremely low-noise design.
Several factors come together to position the SAX as the an attractive configura-
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Figure 2-2: An isometric view of a Blended-Wing-Body (taken from [17]).
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tion for the silent aircraft. One of the key characteristics is aerodynamic efficiency
of the airframe. An airframe without a separate tail and with minimal edges will
be an inherently low-noise design. In addition, the integration of the fuselage, wing,
and control surfaces provides an airframe that achieves increased aerodynamic and
structural efficiency. These characteristics will help to offset the potentially higher
operating costs associated with the silent engine design.
The SAX configuration also presents an excellent opportunity for inherent shield-
ing of engine noise. As Figure 1-1 shows, fan inlet noise is an important noise source
on approach, and perhaps the dominant noise source on takeoff. The shielding of the
fan inlet is difficult to achieve on a conventional configuration. Even if the engine
is mounted over the wing, the relatively small chord of a conventional wing yields
little shielding in front of the aircraft. The SAX on the other hand has a large upper
surface forward of the fan, shielding the fan inlet noise from areas below and in front
of the aircraft. This helps to keep those on the ground from hearing the fan, regard-
less of the specifics of the installation and shielding on the engine itself. Figure 2-3
illustrates the large difference in the potential shielding by the conventional wing and
the SAX. Beyond this basic geometric difference in engine installation, the large wing
area inherent in this configuration will help to keep thrust loading (the weight of the
aircraft divided by the installed thrust) in check, as Table 2.3 illustrates. Attempts at
low-noise optimization of conventional configurations in the past have yielded thrust
loadings that were extremely low (meaning an extremely large engine thrust per unit
of aircraft weight), on the order of 2.37 lb/lbf [2]. This is the result of using ultra-high
bypass ratio engines, which keep takeoff noise low by using low-speed exhaust veloci-
ties, but suffer from very large thrust lapse at altitude. Thrust lapse is the reduction
in thrust from sea level to cruise as Mach number is increased.
One of the reasons that the conventional airframe is such a large contributor to
an aircraft’s approach noise is that during approach, the high-lift devices are fully
deployed. These devices, which may be up to three separate surfaces behind the
wing on modern aircraft (in the case of a triple-slotted flap), are placed at extreme
angles of attack in order to generate the lift and drag needed to land an aircraft with
32
Figure 2-3: Airframe shielding achieved by a conventional wing (Top), and a BWB
(Bottom).
Table 2.3: Maximum thrust loadings of various commercial aircraft and a BWB design
(from [9, 16]).
Aircraft Thrust loading (lb/lbf)
737-700 3.40
747-400 3.52
777-300ER 3.32
A340-500 3.68
800 pax BWB [16] 4.45
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very high wing loading. The vortices and separated flow coming off the edges of the
high-lift devices generate a great deal of noise.
The SAX does not require extensive high lift devices. This is partially a require-
ment brought on by the configuration. In fact, a high-lift device at the trailing edge
of the SAX would generate a pitch down moment that could not be countered since
there is no tail. The SAX must rely instead upon leading edge devices and low wing
loading for takeoff and landing. The wing loading of an example BWB, the basis for
the SAX, is shown in relation to various commercial aircraft in Table 2.4. Several
current Boeing and Airbus aircraft are listed, along with the example 800 passenger
BWB1. The wing loading of the SAX should be similarly below even the smallest,
most lightly loaded conventional aircraft on the list. As such, the trailing-edge sur-
faces are all simple hinged controls instead of noisy, slotted surfaces. These trailing
edge surfaces do the job of a tail, effectively balancing the moment that is otherwise
produced by the airfoil. See Figure 2-4 for a picture of this balancing effect.
Table 2.4: Maximum wing loadings of various commercial aircraft and a BWB design
(from [9, 16]).
Aircraft Wing loading (lb/ft2)
737-700 114.8
747-400 150.2
717-200 120.9
777-300 143.3
A300-600R 134.3
A320 128.6
A340-600 171.1
800 pax BWB [16] 105 (trap)
Figure 2-4 shows the lift vector pointing upward at the quarter chord of the airfoil,
and the moment generated by the airfoil at that point. The deflected trailing edge
generates the moment depicted by the curved arrow, with the length of the moment
arm represented by the dashed line. The larger moment arm of the trailing edge
1The “trap” notation in Table 2.4 refers to the fact that the area used to calculate the loading
is the “trapezoidal” area of the wing, which uses an extension of the outer wings through the
centerbody to calculate area. This means that the true loading is in fact even lower.
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surface allows it to balance the wing without generating a great deal of downward
force.
Figure 2-4: The forces and moments acting upon a wing with a control surface.
The SAX also has an inherently high internal volume due to the long, thick center
section of the airframe. This lends itself well to further integration of the engine and
airframe. Concepts such as Boundary Layer Ingestion (BLI) are much more likely
to be possible when a large internal volume under a wide upper surface is available.
The boundary layer could in principle be sucked off a significant portion of the wing
in a conventional aircraft, but to ingest it into the engine, a complex, heavy, and
performance-destroying series of ducts would be required. The SAX’s center body is
thick enough to allow moderately-sized high bypass ratio turbofans to be partially
embedded into the trailing edge. These engines can pull in the boundary layer through
a simple S-duct and thereby significantly drop the profile drag of the airframe. In
addition, the core of the engine can be kept free of boundary layer air, so the drag
reduction can be made without significant loss of thermodynamic efficiency.
One further problem that can be addressed by this choice of airframe is the general
lack of knowledge concerning unconventional aircraft. The weight, size, and perfor-
mance of a conventional wing, fuselage, landing gear, tail, or any other component
can be predicted with reasonable accuracy because such components have been de-
signed, manufactured, and re-designed many times for many different applications.
This is not the case with unconventional aircraft.
The SAX configuration, however, draws upon a great deal of research done upon
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the underlying Blended Wing Body. The research referenced in Section 2.3, as well as
other work on optimization of BWB planforms [43], addressing engineering and man-
ufacturing challenges [42], and even development of families of this type of aircraft [48]
can all be leveraged to produce a more informed design.
In addition, the adaptation of BWB planforms to suit the low-noise goals of the
SAI can be accomplished through the use of Boeing’s WingMOD optimization soft-
ware. WingMOD is a combination of a non-linear optimizer and various discipline-
specific modules that can be used for computing the performance, shape, weight, and
other characteristics of the silent aircraft [44].
This combination of attributes make the SAX configuration a very promising
choice as a low-noise platform.
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Chapter 3
The Nominal Mission
A nominal mission is an example mission which one expects an aircraft to fly. It is
the schedule of events that most closely parallels actual usage. It is not expected that
airlines will always use an aircraft for its nominal mission. However, the nominal
mission is a good way of setting requirements for the aircraft and justifying these
requirements.
The nominal mission and other design missions are used to ensure that the candi-
date design has enough fuel capacity, doesn’t exceed the allowable stresses in struc-
tural elements during maneuvers, and is controllable at all possible flight conditions.
These and various other conditions can be tested by knowing what missions the
aircraft may fly, and then evaluating the aircraft’s status along each mission. The
nominal mission must include at a minimum how many passengers the aircraft will
hold and how far it will fly them. This mission makes up one point on the payload-
range curve for the aircraft, while other design missions may be at other points,
ensuring that the candidate aircraft can fly all of the missions that may be required
of it. Figure 3-1 illustrates the different points on the payload-range chart at which
an aircraft might take off.
The nominal mission will be somewhere on the MTOW-limited section of the
curve. The maximum-range mission will be with zero payload and full fuel, while the
maximum-payload mission will be on the line illustrating the limit of the aircraft’s
ability to carry loads (the Structural Limit line).
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Figure 3-1: A typical payload-range chart.
3.1 Factors in Considering A Nominal Mission
3.1.1 Summary of Influences on Design
A long list of factors all play important roles when considering the mission for a
highly-integrated vehicle such as the silent aircraft. Each individual component pulls
the design in a different direction. When considering all of the competing factors,
three key goals are kept in mind to ensure the success and applicability of the silent
aircraft. These goals were set down by the members of the Silent Aircraft Initiative
as guides in the selection of a nominal mission and aircraft configuration:
1. The design must fill an existing aircraft market.
2. The design choice must provide a good chance of meeting the noise goal.
3. The design must be scalable to other sizes/ranges.
The following sections discuss how each component of the design affects the ability
of the the silent aircraft configuration to meet these goals at different ranges and
passenger loads.
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3.1.2 Engine
The noise generated by a jet of air increases rapidly as the velocity of the air is
increased. In fact, the Sound Pressure Level (SPL) of a jet of air varies as the velocity
to the power of 7.5, according to Equation 3.1, from [49]. However, the amount of
thrust generated by such a jet of air only increases linearly with the velocity added to
the air, according to Equation 3.2, derivable from the Integral Momentum equation
or a simple force balance. Therefore, in order to produce the required takeoff thrust
for the silent aircraft while not generating a great deal of noise, the engines must have
very large diameters to keep mass flow and therefore thrust high while keeping the
velocity increment across the fan low to keep noise low.
SPLJ ∝ 10 log10 V 7.5J (3.1)
TJ = m˙∆VJ (3.2)
In Equations 3.1 and 3.2, the subscript J represents characteristics of the jet of
air and V represents the jet’s velocity. In Equation 3.2, m˙ represents the mass flow
of the jet of air that is being used to produce thrust. Besides the inherent increase
in engine noise with exit velocity represented by Equation 3.1, any relative increase
in jet diameter means that the exit velocity must be driven even lower to counter
the acoustic effect of increasing the exit area. This means that the engine will pull
the design towards a light, short range aircraft to keep the thrust requirements, and
therefore the engine size, low [3].
3.1.3 Airframe
A flying wing or BWB-based design has no separate tail structure for control. As such,
its control surfaces are inherently placed closer to the center of gravity than those of
a conventional aircraft. Instead of oppositely loading a separate “wing” to balance
the aircraft, as a conventional configuration does with the tail, the rear portion of
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the wing is unloaded, so that the overall lift coefficient at which the aircraft must
fly is lower. The BWB-based silent aircraft’s area is therefore quite large. The total
planform area is dictated by the payload area, planform sweep angles, and stability
concerns more than total lift requirements. The addition of fuel and structure to
support range increases has only a small effect upon the total area and empty weight.
As weight is added, the aircraft cruises at a higher CL, but generates little additional
drag, since the cruise drag coefficient is dominated by skin friction, not induced drag.
The result is an airframe that performs better as the range is increased.
3.1.4 Acoustic Target
The requirement that the aircraft be able to land and take off without generating
noticeable noise on the ground outside the airport perimeter is a fixed requirement.
That is, it does not scale with the size of the aircraft. A larger aircraft is not allowed
any leeway in this requirement. This contrasts with current aircraft noise certification
requirements, which scale up with aircraft weight, to certain limits. The fact that
no allowances are provided for a larger aircraft in this study means that the noise
requirement pulls the design towards a light aircraft. The questions of range and
payload are secondary to weight here, since a light aircraft could be achieved through
short range (carry less fuel), lower payload (lift less weight), or through novel design
(make less aircraft do the same task).
3.1.5 Market
A derived requirement placed upon the team is that the silent aircraft fill an existing
market. That is, the nominal mission must be one that parallels some current aircraft
and airline routes. Figure 3-2 shows that this rules out certain portions of the design
space. Some combinations of the range and passenger number in the Figure have
no existing designs, while others areas have clusters of designs. For instance, several
hundred to one thousand nautical mile “Commuter Routes” are often flown between
major cities every hour or every two hours during the day. These flights use smaller
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aircraft for several reasons. First of all, a larger aircraft would have to serve the
route less frequently in order to achieve an acceptable load factor. On these routes,
the frequency and inherent flexibility afforded by the number of different flights are
required by the passengers, so a decrease in the number of flights is undesirable.
Secondly, the time required to enplane and deplane on a large aircraft would make up
a significant fraction of the flight time. For this reason, aircraft that fly short routes
(up to 1,000 nm) tend to have approximately 50-175 seats.
Figure 3-2: Passenger capacity vs. range for current and planned commercial aircraft
(with permission from James Hileman, compiled from [36, 1]).
Another large market exists in the range of approximately 3,000 to 4,000 nautical
miles. Aircraft capable of this range can traverse the US or fly intra-European flights.
These flights occur with less frequency than the shorter routes, and therefore carry
more passengers (approximately 250). These flights occur several times a day, but
not with the frequency of commuter flights.
The third major market sector is the transatlantic range sector. These aircraft
41
have at least 4,000 nm range, which they use to cross the Atlantic ocean or Europe
with a sizable payload. They usually seat around 300 passengers in two or three
classes. Such routes are usually served a couple times per day.
The final market is the transpacific range aircraft. These aircraft handle very long,
potentially thin routes. This means that they cover flights that may only occur once
every day or several days. They therefore have very large range and capacity. Typical
aircraft in this class have range of at least 7,000 nm and carry 350-400 passengers.
These market restrictions don’t pull the silent aircraft design in any one direction,
but rather restrict it to a logical combination of passengers and range, as shown by
the combinations grouped according to MTOW in Figure 3-2. That is, the silent
aircraft cannot be designed to carry an extraordinary number of passengers a short
distance or a small amount of passengers a great distance. These markets do exist,
but they are generally small, and are often filled by derivative aircraft, where the costs
associated with producing an entirely new aircraft program need not be considered.
3.1.6 Prior Work
Work done by groups other than the SAI does not necessarily limit the choice of
missions that can be undertaken by the silent aircraft, but it does help to point out
those missions where the SAX configuration will likely excel. The concept of a “BWB
family” has been put forward, whereby aircraft of different passenger capacities could
share a significant fraction of common parts, all the way from 200 passengers up to
450 in increments of 50 passengers [16]. The cross-section of the centerbody remains
approximately the same height as the passenger cabin is stretched spanwise to provide
more space for passengers and cargo. The lower limit on passengers would be reached
whenever the wing thickness that is suitable for high speed cruise does not allow the
cabin to be of a useful height. There is therefore a minimum number of passengers for
which the BWB-derived silent aircraft will be suitable, and a range of options from
200 to 450 passengers.
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3.2 The Nominal Mission Decision
The scalability requirement, the gaps in the team’s knowledge of the feasibility of
small flying-wing aircraft, and the lack of scalability to the smallest sector of com-
mercial aircraft meant that the team ruled out the 100 passenger short haul class of
aircraft. This group of aircraft are furthermore already relatively quiet since they are
the lightest and often use the simplest high lift devices.
The two largest classes (transatlantic and transpacific) of aircraft are typically
more than 400,000 lbs in takeoff weight, and require large wetted area, extremely
powerful engines, and extensive high lift devices. The mere fact that the noise gen-
erated by a source will scale with the size or number of the sources, while the silent
aircraft’s noise requirement does not, means that these two classes are not likely
candidates for an initial silent aircraft design.
This leaves the transcontinental U.S./intra-European market, at approximately
3,500 to 4,500 nautical mile range and 200 to 300 passenger capacity. This market
satisfies all of the requirements laid down for the team. If the passenger number
is set to 250 and the range is set to 4,000 nautical miles, the design maintains a
passenger load appropriate for its range, and the design fits within the bounds of
previous WingMOD-based studies, so the viability of the resulting designs can be
better ascertained. Table 3.1 summarizes the key mission characteristics.
Table 3.1: Key characteristics of the nominal mission of the silent aircraft.
Mission Parameter Value
Market Segment Domestic US, Intra-European
Passenger Capacity 250 (Three-class seating)
Nominal Mission Range 4,000 nautical miles
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Chapter 4
Conventional Model Construction
and Usage
4.1 General Model Construction Methodology
Each of the models built for the analysis of aircraft, operations, and economics is
a collection of functions that perform calculations in a particular discipline of the
design; aerodynamics, structures, propulsion, etc. Each model has a main function
that runs each disciplinary function as required, and uses all of the variable values
generated to produce a design. This design is then summarized by the values output
by the model.
The method of using disciplinary functions that hide internal variables and only
pass results means that some of the structure and functions created in the conventional
model can be replicated in the unconventional model. This principle also allows each
model to be used in its entirety or piecemeal by anyone.
4.2 Model Purpose
The Silent Aircraft Initiative is tasked with more than one purpose. One key goal
is to produce a viable conceptual design for future low-noise operations. Another
important goal is to evaluate ideas that can potentially reduce noise in the near
45
term. One way to reduce noise in the near term is to develop an understanding of
which design requirements and constraints drive the noise generated by a conventional
airliner.
In order to understand the effect of requirements upon noise generation, a com-
plete framework that takes in requirements, produces an aircraft that meets those
requirements, and then predicts noise levels from that aircraft is required. The part
of this framework that produces the aircraft design from the requirements is the
conventional model. It fits into the overall noise prediction framework.
To understand the effect of requirements upon noise generation, a conventional
model must be used to predict the characteristics of an aircraft that satisfies a par-
ticular set of operating requirements. The conventional model fulfills this purpose,
producing a complete conceptual design for a conventional aircraft from the mission
requirements and chosen operating conditions.
The design produced by the conventional model can then be used in noise predic-
tion simulations. By varying the requirements and noting the noise produced by the
associated aircraft, conclusions can be made regarding the key requirements imposed
on aircraft which make them either quiet or noisy.
4.3 Model Description
The conventional model is based upon a set of lecture notes on aircraft sizing written
by Robert Liebeck [15], which themselves draw upon Shevell [31] and Schaufele [30].
In it, empirical correlations are used extensively to predict the size, shape, weight,
and performance of an aircraft based upon the inputs specified by the user. A list of
these inputs is shown in Table 4.1. This list of inputs can be specified by the user in
order to produce exactly the aircraft required, as shown in the validation below, or
they can be varied by an optimizer in order to drive the outputs to a specific goal.
Once the conventional model is supplied with the inputs from Table 4.1, it pro-
duces a set of user definable outputs that include things like those listed in Table 4.2.
These can draw from any value calculated internally to the model. The examples in
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Table 4.1: Inputs to the conventional model.
Input
Number of Passengers
Cruise Mach Number
Cruise Altitude
Design Range
Number of Engines
Sea-level Static SFC
Approach Speed
Airfoil Type
Wing Sweep Angle
Aspect Ratio
Taper Ratio
Allowable Landing Fuel Fraction
Takeoff Field Length
the table are merely some pertinent values which might be useful in calculating such
things as operating cost, ramp/runway requirements, or noise generated.
Table 4.2: Example outputs from the conventional model.
Output
Wing Span
Wing Area
Max Takeoff Weight
Max Fuel Weight
Empty Weight
Max Wing Loading
Max Thrust Loading
Thrust per Engine
Fuselage Length
Fuselage Diameter
The conventional model works by first specifying the normalized attributes of a
wing that would satisfy the mission requirements and design decisions indicated by the
inputs (wing loading, aspect ratio). The model then calculates the normalized thrust
requirements as well (thrust loading). The weight of the aircraft is then estimated by
the weight module. Once the weight is known, all of the previously calculated data
can be un-normalized. The wing loading for instance can be translated into a wing
47
area, and the thrust loading can be translated into an actual thrust value.
The aircraft that comes out of this process is then run through the specified design
mission to see if it has the required thrust at each mission point and the required
fuel to complete the mission. The model iterates until the design achieves both of
these requirements. At this point, the iteration stops and the required outputs are
produced. A flow chart illustrating this process is shown in Figure 4-1.
Figure 4-1: Conventional aircraft model layout.
In Figure 4-1, the process outlined above can be seen, with the initial estimates
made in the upper portion of the figure. The two loops that check for sufficient
thrust and fuel as the mission progresses are depicted along the right side of the
figure. Finally, the required output data for the resulting aircraft are produced. This
can then be passed to a cost or acoustic model to evaluate the performance of the
aircraft.
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4.4 Model Validation
The validation of a conventional aircraft model that is meant to predict the per-
formance of aircraft similar to existing aircraft is fairly straightforward. For the
conventional model, validation consists of determining how closely the conventional
model will predict the shape, size, and performance of an existing aircraft, given the
mission of that aircraft. For example, if the conventional model’s inputs are a twin-
engine, two-aisle airliner seating 245 people in a three-class layout cruising at Mach
0.80 with a design range of 5,645 nautical miles, then it should produce a 767-400ER
or something resembling it [35].
The specific aircraft designs used to validate the conventional model are the Boeing
747-400, 767-300ER, 777-200ER, and the Airbus A340-500. Tables 4.3, 4.4, 4.5,
and 4.6 show the takeoff mass, wing area, total static thrust, and wing span for
each aircraft, the model’s predictions of these values, and the percentage difference
between the actual and predicted values. These values are shown because they will
help to dictate many important characteristics of the aircraft, such as DOC, ramp
space, and noise generated. The percentage differences are calculated and normalized
according to Equation 4.1.
%Diff = 100% · V ALmodel − V ALactual
V ALactual
(4.1)
In Equation 4.1, V AL is the value of a particular characteristic describing an
aircraft. The subscripts model and actual refer to the source of the value, the model or
actual values respectively.
Takeoff weight is a good indicator of the overall energy the aircraft will have to
dissipate when landing, the amount of energy shed off the lifting surfaces, and the
total thrust requirements. It is also used for noise certification of current aircraft. In
addition, takeoff weight has specific internal importance to the model, since takeoff
weight drives other values such as wing area and engine thrust. Takeoff weight is
therefore a good debugging tool for the conventional model. If a large discrepancy is
observed between actual and modeled takeoff weights, then a problem must exist in
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estimating the weight of the airframe, fuel, engine, or payload. The validation results
show that takeoff weight is in good agreement with the existing aircraft, the weights
of which are predicted to within 6.6% of actual.
Wing area in combination with weight serves to ensure that the model predicts
both the appropriate wing loading, and the appropriate performance based upon
the wing shape. Incorrect wing area may either indicate that the takeoff or landing
constraints are incorrect, or that the assumed low speed performance of the wing is
incorrect. In this case, the wing area is accurately predicted for all of the example
aircraft except for the 767-300ER in Table 4.4. The model predicts a much lower
required wing area for this aircraft. This is likely due to the fact that the 767-
300ER is the lightest aircraft of those tested here. The lighter aircraft tend to have
less extensive high lift systems (double slotted flaps for the 767 vs. triple for the
747). A further step that could be taken to increase the utility and accuracy of
the conventional model would be to allow the modeling of different high lift systems
through a variation in the assumed CLmax value.
Engine noise still dominates overall aircraft noise on takeoff, so accurately predict-
ing the installed thrust on an aircraft is important. For this reason, installed thrust
predictions are also validated for the conventional model. While the noise produced
by aircraft engines of the same thrust can vary substantially depending upon type
(turbojet, high bypass-ratio turbofan, etc), if a single type is assumed, then being
able to accurately predict thrust levels will allow relative noise of different aircraft
to be predicted. The conventional model predicts thrust requirements quite well for
these aircraft, with the exception of the Airbus A340-500 in Table 4.6. The likely
reason for this is incomplete or poorly estimated takeoff data for the A340-500. An
extremely long takeoff distance is allowed for the aircraft in Janes [9], which causes
the conventional model to predict much smaller engines than are fitted on the actual
aircraft. It is likely that this also leads to the lower weight and wing area predicted
by the conventional model for the A340-500.
The last item in the validation tables is the wingspan of the four aircraft. On
conventional transport aircraft, the trailing edge of the wing doesn’t make enough
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noise to be dominant on takoff or landing approach. However, if a low-noise aircraft
were to be studied, where the many noise sources on the aircraft were to be mitigated,
then a key noise tied to the size of the airframe would be noise coming off the trailing
edge of the wing. For this reason and for ramp space considerations, the overall length
of this trailing edge is important.
Table 4.3: Conventional Model Validation using 747-400 Data.
747-400 (GE CF6-80C2 Engine)
Output Model Result Actual Value Difference
Takeoff Mass (kg) 419,896 412,698 1.7%
Wing Area (m2) 556.4 541.2 2.8%
Total Static Thrust (kN) 1,160 1,105 4.9%
Wing Span (m) 65.5 64.9 0.8%
Table 4.4: Conventional Model Validation using 767-300ER Data.
767-300ER (GE CF6-80C2 Engine)
Output Model Result Actual Value Difference
Takeoff Mass (kg) 187,220 186848 0.2%
Wing Area (m2) 227.2 283.4 -19.8%
Total Static Thrust (kN) 509.1 552.6 -7.9%
Wing Span (m) 42.6 47.6 -10.4%
Table 4.5: Conventional Model Validation using 777-200ER Data.
777-200ER (GE90-94B Engine)
Output Model Result Actual Value Difference
Takeoff Mass (kg) 317,052 297,506 6.6%
Wing Area (m2) 425.0 427.8 -0.7%
Total Static Thrust (kN) 781.7 833.7 -6.2%
Wing Span (m) 60.8 60.9 -0.2%
The validation results in Tables 4.3, 4.4, 4.5, and 4.6 show good overall agreement
with existing aircraft. This is especially true when we consider the fact that the size
and shape of an aircraft often has a great deal to do with the aircraft it is derived
from. The conventional model predictions are ‘clean sheet’ designs, whereas almost
all transport aircraft in use today are stretches or derivatives of other aircraft.
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Table 4.6: Conventional Model Validation using A340-500 Data.
A340-500 (Rolls-Royce Trent 553-61 Engine)
Output Model Result Actual Value Difference
Takeoff Mass (kg) 355,111 372,000 -4.5%
Wing Area (m2) 417.3 437.0 -4.5%
Total Static Thrust (kN) 793.6 992.7 -20.1%
Wing Span (m) 62.3 63.5 -1.8%
4.5 Model Usage
The conventional aircraft model was used by the SAI for several trade studies. These
were completed by David Tan in order to determine optimal mission parameters
for a conventional aircraft being designed with noise as the objective [33]. In this
case, the conventional model was linked to noise generation and propagation models.
These studies were undertaken because the SAI is tasked with not only producing a
revolutionary low-noise aircraft design, but with also producing guidelines for possible
modifications to current aircraft and operational procedures that can reduce noise in
the short term. A trade study involving essentially conventional aircraft can show
what design changes need to be made to allow aircraft to fly lower-noise departure
and approach procedures or fly completely different missions to reduce noise. The
conventional model, in combination with the appropriate acoustic models, is capable
of determining the changes in the airframe and engine that would be most beneficial
for low-noise operations.
The results in Tan’s work showed that the key constraints governing the noise
produced by conventional aircraft are the design range and takeoff field length [33].
These results were for a constant passenger load. These two constraints are logical
drivers for noise generation, since range and field length govern takeoff weight and
installed thrust, respectively. The effects in this case were quantified by the area over
which minimum noise levels would be observed for each aircraft. Tan related changes
in noise by calculating the predicted changes in the area of certain bands of noise. For
instance, over an area of approximately 1,000 km2 surrounding a departing aircraft,
increasing range from 5,000 to 15,000 km increased the area subjected to 75 dBA
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or greater by 3.06% and the area subjected to between 65 and 75 dBA by 7.11%.
Decreasing takeoff field length from 15,000 to 9,000 ft increased the area subjected
to 75 dBA or greater by 1.34% and the area subjected to between 65 and 75 dBA by
3.47% [33]. This particular comparison was for a 250 passenger twin engine aircraft.
Other uses for the conventional model include the evaluation of potential low-noise
systems. For instance, if a low-noise high lift system is to be modeled, the change in
CLmax for the aircraft can be modeled, and the assumed performance penalty of the
quieter system can be evaluated and weighed against the noise benefit.
The conventional aircraft model also serves the role of a coding basis for the
unconventional model. The modular, discipline-based division of the code for the
conventional model is copied, and in some cases, functions are reused in their en-
tirety for the unconventional aircraft model. Within the code, the conceptual idea
of calculating the characteristics of an initial design, running it through a mission
loop, and then refining it until it can fulfill the mission objectives is seen in both the
conventional and unconventional models.
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Chapter 5
Unconventional Model
Construction
Once a specific configuration type is selected for the silent aircraft, a model must be
constructed. This model allows design trades to be explored. It helps in sizing the
aircraft, exploring the details of the design mission, and integrating the various teams
by allowing each team to understand the system-level effects of changing their own
designs, be they engines, airframe, or operational procedures. A model of the aircraft
also helps to determine the performance cost or required changes to the various parts
of the design when a particular change in requirements is made at the system-level.
5.1 Model Purpose
The chosen airframe for the silent aircraft, a derivative of Boeing’s Blended Wing
Body (BWB), is a highly integrated design. As such, individual components and sys-
tems cannot be considered separately from each other. The planform shape, engines,
balance, payload, controls, and fuel placement must all be included in every analysis
of the aircraft. The reason for this is the housing of so many parts of the aircraft
within the wing. In the BWB, the passenger cabin, cargo deck, landing gear, and
all other components that might previously have been housed in the fuselage are all
within or on the wing. So, where before a shift of the wing relative to the fuselage
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might have been used to correct CG problems, this is no longer possible. The wing
cannot be shifted because the airplane is the wing. When the passenger cabin weight
increases or decreases, the sweep of the wing may need to be changed to displace the
CG of the fuel that balances the passenger cabin. This requires structural and aero-
dynamic calculations to determine the changes in weight, drag, and lift associated
with the sweep change, control calculations to determine if the control surfaces are
still large enough to trim and maneuver the aircraft, and calculations from each other
module until the passenger cabin weight change has been evaluated by every part of
the model.
For this reason, any model used to predict the configuration and performance of
the aircraft must be multidisciplinary in nature. Each iteration of the design must
“consult” every individual discipline and evaluate the effect of a change on the overall
aircraft.
5.2 Model Development
The unconventional model is loosely based upon the conventional design tool discussed
in Chapter 4. When possible, sections are replicated so that the flow of information
and structure of the two models is similar. The unconventional model’s input and
output structure is also similar. It is listed in Table 5.1. Since the unconventional
model is not a planform optimization tool like WingMOD, the inputs include the
planform geometry.
Table 5.1 also includes data on the engine installation. This allows the model
to determine the effects of embedding the engine in the airframe. This is done by
changing SFC, engine drag, and engine weight models to take account of varying
installations.
The main modules in the unconventional model are as follows:
• Takeoff Model
• Propulsion Module
• Aerodynamic Module
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Table 5.1: Inputs to the unconventional model.
Input
Payload Weight (pax + cargo)
Systems and Furnishings Weight
Cruise Mach Number
Cruise Altitude
Design Range
Planform Geometry
Number of Engines
Engine Installation Drag
Sea-level Static SFC
Takeoff Field Length
• Weight Module
• Climb Module
• Cruise Module
The unconventional model starts with some initial “guesses” for the aircraft weight
and performance. These are then refined and an initial design is specified, complete
with thrust levels, weight, and estimated fuel load. All of this takes place to the left
of (before) the “Mission Loop” depicted in Figure 5-1.
The aircraft that comes out of the initial sizing process is then run through the
specified design mission to see if it has the required thrust at each mission point and
the required fuel to complete the mission. As with the conventional model, the un-
conventional model iterates until the design achieves both of these requirements. At
this point, the iteration stops and the required outputs are produced. This mission
loop is depicted in the right half of Figure 5-1. In it, both the design and reserve
missions are run for thrust and fuel requirements. No descent calculations are done,
since it is assumed that both fuel flow and thrust requirements are negligible during
descent. If the design fails a thrust or fuel requirement, either the engine is resized,
or the fuel load is increased. The weight and propulsion modules are then re-run to
account for the increased loading on the airframe and the new thrust requirements,
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Figure 5-1: Unconventional aircraft model layout.
and the mission loop restarts. Once the loop terminates, the required (user-defined)
outputs are produced and the model is finished. The outputs may then be fed di-
rectly into noise generation and propagation code if these are to be linked with the
unconventional model.
5.2.1 Module Listing and Descriptions
A brief summary of the methodology which governs each individual module is pre-
sented in this section.
Propulsion Module
The propulsion module is the collection of functions that size the engine, load per-
formance data, estimate the engine weight, and predict the engine performance at
varying Mach numbers and altitudes.
Engine sizing is done based upon takeoff performance and climb/cruise thrust re-
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quirements. The required thrust for takeoff is estimated based upon the requirement
that the airframe be able to accelerate to takeoff speed, lose thrust in the most criti-
cal engine, and still be able to brake to a halt on the runway. This is known as the
“Balanced Field” requirement. The thrust loading is initially set in the propulsion
module by empirically estimating the thrust required to meet the balanced field con-
dition using Figure 5-2 [28, 26, 19]. Based upon the maximum field length, a required
Takeoff Parameter (TOP) is set by reading across the graph. The TOP is essentially
a measure of how hard the aircraft must work in order to take off in the available
distance while still meeting the balanced field requirement. The formula is shown
in Equation 5.1. The required TOP must be attained by a combination of the wing
loading, takeoff lift coefficient, thrust loading, and the relative air density (air density
divided by standard sea level air density).
TOP =
W/S
σCLTOT/W
(5.1)
In Equation 5.1, TOP is the takeoff parameter, W/S is the wing loading, σ is
the relative air density, CLTO is the takeoff lift coefficient, and T/W is the installed
thrust per unit weight of the aircraft, which is the inverse of the previously defined
thrust loading.
Propulsion system performance prediction is done mostly off-line. GasTurb 9 is
used to produce tables of thrust available and SFC at various altitudes and Mach
numbers based upon the assumed cycle parameters for the silent engine design [14].
These tables can then be loaded into the unconventional model as matrices and used
to look up the thrust available and the SFC at any point in the mission. Figure 5-3
shows a typical GasTurb output of thrust available and specific fuel consumption as
functions of altitude and Mach number. In Figure 5-3, the altitude curves are the
primarily vertical curves labeled with the altitude from 0 to 18,000 meters (0 to 59,054
feet). The Mach number curves are the primarily horizontal curves labeled with the
59
Figure 5-2: Statistical Determination of Thrust Loading.
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Mach number from 0.0 to 0.9.
Figure 5-3: Gasturb-generated data showing turbofan performance with altitude,
Mach number.
Tables of the values in Figure 5-3 are created and then loaded into the unconven-
tional model’s propulsion module. These tables are then normalized to the Sea-Level
Static (SLS) values of thrust and SFC. In this way, when the engine’s size is changed
in the model, the thrust available at altitude can still be predicted as a fraction of the
SLS value, and the engine performance can be predicted with the same table. The
SFC performance can similarly be scaled so that an engine with a better SLS value
of SFC can be used, assuming the variation of SFC with altitude and Mach number
is similar.
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Aerodynamic Module
The aerodynamic module uses a combination of off-line and real-time calculations to
estimate the CL vs. α curve, CD vs. CL curve, CLmax value, and the span efficiency.
Lift and induced drag values are calculated off-line using either AVL or WingMOD.
In either case, curves are fitted to produce lift as a function of angle of attack and
induced drag as a function of lift.
The viscous drag calculation runs in line with all of the other functions in the
unconventional model. The first step in viscous drag computation is to import the
planform geometry as a matrix. The planform matrix format is shown in Equation 5.2.
The X, Y, and Z coordinates represent leading edge points from the root of the wing to
the tip. The chord, Ci, and incidence, Inci, are also given at each of these points. The
result is a series of panels representing the shape of the silent aircraft. In Equation 5.2,
the subscript 0 represents the root of the wing, and the subscript n represents the tip
of the wing. The Y-coordinate is positive out the right wing, X is positive towards
the rear of the aircraft, and Z is positive up. The incidence is positive in the direction
of positive pitch. Only one half of the wing is defined in this fashion, with the other
half assumed to be symmetric about the Y = 0 plane.
Planform =

Y0 X0 Z0 C0 Inc0
Y1 X1 Z1 C1 Inc1
...
...
...
...
...
Yn Xn Zn Cn Incn

(5.2)
Once the planform shape is defined, the mission definition and a standard atmo-
sphere calculator [13] are used to determine the flight conditions at cruise. Equa-
tions 5.3, 5.4, 5.5, and 5.6 show how drag for an individual section of the wing is
calculated [8, 31, 40]. First, the Reynolds number per unit length is calculated. This
is used in the empirical skin friction coefficient calculation of Equation 5.4. A form
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factor is calculated in Equation 5.5, which corrects for differences from flat plate re-
sults by incorporating the local wing thickness. Finally, the total skin friction drag
for a section can be produced by multiplying all of these factors in Equation 5.6.
Re(c) = a ·Mcruise · ρ/µ (5.3)
Cf =
0.455
log10(Re(c) · cave)
(5.4)
FF = 1 + 1.8(t/c) + 50(t/c)4 (5.5)
Drag = q∞(Cf · FF · Awet) (5.6)
Once the induced and skin friction drag have been calculated, a compressibility
correction is added to account for the presence of shockwaves and local streamtube
constriction. This is typically on the order of 0.0004 - 0.001 for an aerodynamically
efficient aircraft operating at high subsonic speeds. The aerodynamic model only
adds this correction during high speed flight. The total drag coefficient is therefore
CD = CDInd + CDvisc + CDcpr .
Weight Module
The weight module keeps track of the weight estimates for various parts of the aircraft
as the iteration progresses. The primary weights of concern are:
• Structural Weight
• Payload Weight
• Systems Weight
• Propulsion Weight
• Fuel Weight
Each weight component is tracked in a different fashion. Some are fixed inputs
for in the calculation. Others are computed during each iteration. The payload and
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systems weights are inputs, the values for which are based upon passenger number,
configuration, engine size and number, landing gear weight, etc. They are set based
upon estimates made before the calculation is started. The propulsion weight is based
upon the size of the engine and the type of installation (podded nacelle, Boundary
Layer Ingesting (BLI) inlet, etc). Once the static sea-level thrust is set for an iteration,
the weight of the engine can be computed from that thrust value and an estimate of
the thrust to weight ratio for the engine type. The fuel weight is calculated based
upon a mission simulation run during each iteration.
The structural weight is the weight calculation which is least easily done using
empirical formulas. A great deal of empirical data exist for the calculation of wings,
tails, landing gear, and every other component on a conventional commercial aircraft.
However, the silent aircraft’s structure has many differences from that of conventional
commercial aircraft. The flying wing design incorporates a non-cylindrical pressur-
ized cabin into the center wing, highly tapered outer wings, and large winglets with
control surfaces at the wingtips. These structures will not be modeled well by existing
empirical fuselage and wing weight estimations. For this reason, several WingMOD
designs are used to produce a least-squares Response Surface Model (RSM). This
surface is then used to predict the structural weight of the silent aircraft. The RSM
model takes the form of Equation 5.7, where Wstruct is the structural weight estimate
produced by the model, the ci are constant coefficients, and yi are attributes of the
airframe that are known.
Wstruct = c0 · y0 + c1 · y1 + c2 · y2 . . . (5.7)
To produce the RSM for weight estimation, all that is needed are a set of appro-
priate input variables and the structural weight output from WingMOD when these
input variables take various values. The least squares solution is found by solving
Equation 5.8 for x, which will be the vector of weight coefficients (ci in Equation 5.7).
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In this case, Equation 5.9 shows that the yi from Equation 5.7 are the engine weight,
fuel weight, and other variables affecting the structural requirements of the aircraft.
A · x = b (5.8)
A =

Weng1 Weng2 · · · Wengn
Wfuel1 Wfuel2 · · · Wfueln
...
...
. . .
...
Wetc1 Wetc2 · · · Wetcn
 (5.9)
x =

Ceng
Cfuel
...
Cetc
 (5.10)
b =

Wstruct1
Wstruct2
...
Wstructn
 (5.11)
In Equation 5.9, each entry represents the weight or area of a part of the airframe
(engines, fuel, etc). A column of such values exists for each of the n designs. In
Equation 5.10, each entry represents the value of a coefficient relating the weight of
a component on the airframe to the resulting overall structural weight. In Equa-
tion 5.11, each entry represents the total structural weight of a particular design.
By solving Equation 5.8 for x, the list of weight coefficients can easily be produced
from the known quantities (A and b) [32]. Once the weight coefficients are known,
the structural weight can be estimated during each iteration by simply multiplying
each component weight that was used in the least squares fit (fuel, engine, etc) by
the appropriate weight coefficient (see Equation 5.7).
Climb Module
The climb module estimates the climbing performance of the aircraft based upon the
conditions at an average point in the climb. That is, based upon the thrust available,
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drag produced, and weight of the aircraft at the average point, the climb rate is
estimated. This climb rate is extrapolated to determine the fuel, time, and distance
required to reach cruising altitude.
The first step in the climb performance prediction is to set the values of altitude
and speed which will be used to model performance. In this case, a fraction of 20/35 of
the cruise altitude is used as the climb altitude. This is a fraction used by Liebeck [15]
as being indicative of average climb performance. The climb velocity is set to the limit
for operations in U.S. Class B airspace (250 knots). This limit is set because a fair
amount of maneuvering is likely to be done in addition to climbing as the aircraft
attempts to reach cruise altitude. Therefore, despite the fact that the aircraft will
accelerate to speeds greater than 250 knots, it is likely to be a good indicator of the
speed achievable during a significant portion of the time the aircraft spends climbing
to cruising altitude.
Once the speed and altitude are fixed, the thrust required for straight and level
flight at these conditions is calculated via Equation 5.12. In this equation, the sub-
script cl represents the climb condition. Tr is the thrust requirement, q is the dynamic
pressure, fsum is the flat plate equivalent drag on the airframe, g is the gravitational
constant, M is the mass, b is the span, and e is the Oswald efficiency factor.
Trcl = qclfsum +
g ·Mcl
qclΠb2e
(5.12)
The thrust requirement from Equation 5.12 is checked against the propulsion
module’s thrust available estimate at this altitude and Mach number. Once the
amount of thrust available is known, the rate of climb can be computed. This is done
by assuming that all excess specific energy available to the aircraft is converted into
potential energy in the form of altitude. This is shown in Equation 5.13. In this
equation, Rcl is the rate of climb, V is the velocity of the aircraft, M is the mass of
the aircraft, Ta is the available thrust estimate from the propulsion module, and the
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subscript cl is once again the climb condition.
Rcl = Vcl
Tacl − Trcl
g ·Mcl (5.13)
Once the rate of climb is calculated, the time, range, and fuel used for the climb
can easily be calculated as well. These calculations are shown in Equations 5.14, 5.15,
and 5.16.
tcl =
Altcr
Rcl
(5.14)
rangecl = Vcl · tcl (5.15)
fuelcl = tcl · Tacl · SFCcl (5.16)
In Equation 5.16, tcl is the time required to climb, Altcr is the cruise altitude,
rangecl is the distance travelled during climb, and SFC is the thrust specific fuel
consumption calculated by the propulsion module.
Cruise Module
Once the climb module has produced values for the fuel burned and range covered
during climb, the cruise module can use these values to do a cruise performance
estimation with the Breguet range equation, shown as Equation 5.17 and solved for
the unknown final cruise weight as Equation 5.18.
Range =
L
D
V
SFC
ln
(
W0
W1
)
(5.17)
W1 = W0e
−SFC·R
L/D·V (5.18)
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In Equations 5.17 and 5.18, Range is the distance remaining to travel after the
climb distance has been subtracted from the nominal range, L/D is the cruise lift
to drag ratio, V is the cruise velocity, and W0 and W1 are the cruise beginning and
cruise ending weights of the aircraft, respectively.
The cruise SFC is estimated by the propulsion module. The cruise velocity is
taken from the atmospheric conditions and the cruise Mach number. The cruise L/D
value is computed by the aerodynamic module using an estimated average cruise
weight. Once all of these factors are computed, the final cruise weight, W1, can be
computed using Equation 5.18. The estimated cruise fuel burn is then computed as
the difference between initial and final cruise weight (W0 −W1).
The cruise module outputs the estimated cruise fuel burn, the thrust available
during cruise, and the thrust required during cruise. These values will be checked in
the mission loop to determine if the aircraft can perform the design mission.
5.3 Unconventional Model Validation
The validation for the unconventional model consists of comparing its output to
WingMOD output in various trade studies. These studies, outlined in section 6.1,
cover a wide variety of design changes, making them a good method for evaluating
the utility of the unconventional model.
5.4 Direct Operating Cost Model
The Direct Operating Cost (DOC) model is a separate module which can be linked
to either the conventional or the unconventional model. For this reason, it is outlined
separately here. The DOC model exists to determine whether or not the silent aircraft
design is economically competitive with other aircraft. Direct operating cost is used
as the economic metric here because it captures all of the relevant performance-related
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costs of the aircraft, as long as noise-dependent landing fees are included, without
including any costs that are specific to any particular operators of the aircraft. This
section describes the purpose, layout, and construction of the DOC model, and then
describes how it is validated and used.
5.4.1 Purpose
One of the constraints placed upon the SAI in designing a functionally silent aircraft
is that the resulting design be competitive with current aircraft. A silent aircraft that
cannot compete in the global market is not a viable solution to the problem of noise
in the airport vicinity. However, an important consideration that is sometimes not
included in the accounting of a “competitive” aircraft is landing fees. These fees will
be included here, with the express purpose of showing the savings that can potentially
be achieved by operating an extremely quiet aircraft in an industry where noise and
emissions are increasingly penalized.
5.4.2 Model Layout
The DOC model uses input data from the conventional model, unconventional model,
or WingMOD. This includes the Operating Empty Weight (OEW), maximum flight
velocity, and the number of aircraft produced. These values are used by the DAPCA
IV (Development And Procurement Cost of Aircraft, version 4) module to predict
the cost of the airframe and the engines, and by the landing fees module to assign a
per-cycle landing fee. The DACPA IV model is the result of work done by the Rand
Corporation to predict military aircraft program costs [7]. The aircraft operations
module then uses the flight schedule, airframe and engine costs, and other operational
choices to estimate the cost of operating the aircraft. The maintenance module uses
empirical correlations to estimate the per-cycle and per-hour maintenance costs as-
sociated with the aircraft. The flow of information through the model is depicted in
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Figure 5-4.
Figure 5-4: The layout of the Direct Operating Cost (DOC) model.
In Figure 5-4, all C’s with subscripts are costs, with the subscript indicating what
cost is modelled. Q is the quantity of aircraft to be produced over 5 years. Vmax is
the maximum flight velocity of the aircraft. We is the empty weight of the aircraft.
Npax is the number of passengers to be carried by the aircraft. Te is the thrust per
engine.
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5.4.3 Model Construction
The DOC model relies on an assumed aircraft configuration, provided by the con-
ventional or unconventional sizing models, and an assumed operating regime for the
aircraft. The operating regime includes the price of fuel and the flight schedule.
Further assumptions are made about cost of avionics, the type of aircraft (military
or commercial, cargo or passenger), and the crew costs associated with flying the
aircraft.
DAPCA IV Module
The Rand DAPCA model was originally developed to predict the program-level costs
for military aircraft [7]. It has since been updated, currently to the fourth version,
and incorporates corrections to better model commercial program costs. The DAPCA
model uses empirical fits of its primary input variables (We, Vmax, and Q) to predict
the hours of work required for the engineering, tooling, manufacturing, and qual-
ity control of the aircraft. These hours are then multiplied by “Wrap Rates” that
correspond to the approximate cost per hour of engineering, tooling, manufacturing,
and quality control. The Wrap Rates are empirical estimates of the total cost to a
manufacturer for each hour spent in various activities related to producing an aircraft.
The flow of data in the DAPCA IV model is depicted in Figure 5-5. Empirical
formulas are also used for things like flight test, manufacturing materials costs, and
engine production. The english fps (foot, pound, second) versions of the key hourly
relations are shown below in Equations 5.19, 5.20, 5.21, and 5.22. Note that the SI
mks (meter, kilogram, second) versions would have the same exponents, but would
need to have scaling applied to each of the input variables.
HE = 7.07W
0.777
e V
0.894Q0.163 (5.19)
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Figure 5-5: The layout of the Rand-DAPCA IV model.
HT = 8.71W
0.777
e V
0.696Q0.263 (5.20)
HM = 10.72W
0.820
e V
0.484Q0.641 (5.21)
HQ = 0.133HM (5.22)
In Equations 5.19 through 5.22, HE, HT , HM , and HQ are the hours associated
with engineering, tooling, manufacturing, and quality control, respectively. Once the
estimated hours used in each segment of the aircraft production are computed, the
wrap rates are applied. Some example wrap rates from Raymer [28] are listed in
Table 5.2. These values are adjusted to 1999 US dollars. They must therefore be
further adjusted to the desired year for analysis.
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Table 5.2: Typical wrap rates for cost estimation (from [28]).
Activity Wrap Rate
Engineering $86
Tooling $88
Quality Control $81
Manufacturing $73
Once the wrap rates are applied and the other components of the cost are com-
puted, the DAPCA module outputs the cost of the aircraft development and produc-
tion program, broken down into four components: Research, Development, Test and
Evaluation (RDTE) costs; flyaway costs; passenger-related costs; and engine costs.
The RDTE costs are those associated with bringing the aircraft from concept to pro-
duction. Once a design is fixed, the manufacturing costs are fixed as well. These
costs, including materials, labor, tooling, and inspection, are the flyaway costs. The
passenger-related costs are those associated with passenger cabin design and installa-
tion, and are the key differences in cost when comparing cargo and passenger aircraft.
The engine costs are those associated with procuring engines for the aircraft. The
DAPCA model’s engine cost assumptions are based upon the use of a derivative en-
gine for the new aircraft, which is often the case in commercial aviation. A completely
new engine design would increase the cost of propulsion for the aircraft. These four
principle airframe costs are then passed to the operations and maintenance modules.
Operations and Maintenance Modules
The outputs of the DAPCA module must be processed into a cost per airframe and
a cost per engine for the Operations and Maintenance modules. In addition, before
operations and maintenance costs can be calculated, an assumed operating schedule
of hours and cycles accumulated per year must be set. The hours per year are ex-
pressed in both flight hours (actual time the aircraft is expected to be flying), and
block hours (time including flight, taxi, and any other activities between leaving and
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arriving at gates). Once the aircraft cost data and the scheduling data are known,
the Operations and Maintenance modules are called. These modules use empirical
relationships similar to those of the DAPCA model to predict the crew costs per
block hour, the materials costs of maintenance per flight hour and cycle, and the
maintenance man-hours per flight hour (MMH/FH).
Depreciation or ownership costs for the airframe and engine are calculated as
shown in Equations 5.23 and 5.24, respectively. These equations essentially spread
the cost of the aircraft and engine over their respective lives, as the airlines do through
financing.
DprAF =
CAF (1−R)
TAF
(5.23)
DprEng =
CEng
TEng
(5.24)
In Equation 5.23, CAF is the cost of the airframe, R is the resale value as a
fraction of new, and TAF is the period in years over which depreciation occurs. In
Equation 5.24, CEng is the cost of the engine, and TEng is the depreciation period
for the engine. There is no resale value assigned to the engine, because is assumed
that the engine is used until the aircraft must be re-engined. Once all of the crew,
maintenance, fuel, and depreciation costs are computed, they are post-processed to
produce the cost metric for the aircraft: dollars of DOC per seat-mile travelled.
Post-Processing
After all of the modules have run, the simple post-processing shown in Equation 5.25
is used to compute the cost of the aircraft in dollars per seat-mile. All of the costs
for the yearly operation are totaled on the right hand side in the numerator, while all
of the yearly passenger-miles are calculated in the denominator.
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$seat−mile =
fuel + crew +maint+ depr
VcrHryrNpax
(5.25)
In Equation 5.25, all of the variables in the numerator (fuel, crew, etc), are the
yearly total costs for each item. In the denominator, Vcr is the cruise velocity of the
aircraft, Hryr is the number of flight hours of operation per year, and Npax is the
number of passengers carried by the aircraft.
5.4.4 Direct Operating Cost Model Validation
The DOC model is validated against anecdotal seat-mile costs for the 747-400. The
reason no “actual” DOC value can be used is that none exists. This calculation is
different for every operator, and depends upon the length of the flights scheduled, the
price of fuel, the maintenance costs for the aircraft, the crew costs, and the numerous
other variables that even the operator may not be able to quantify. However, these
variations can be controlled or at least accurately represented. For this research, the
DOC model is simply used to consider a specific case, and the result is compared to
an accepted model’s output for a similar case.
Table 5.3 shows the conditions that were used for validation of the DOC model
for the 747-400. The mission range is set to match Kroo and Shevell’s discussion of
results from the ATA Standard model [11].
Table 5.3: Conditions for validation of the DOC model using 747-400 Data.
747-400 (GE CF6-80C2 Engine)
Condition Value
Passenger load 416
Mission range 3,000 nm
Yearly flight hours 3,000
Usage period 15 yr
Resale value fraction .25
Fuel price $1.20/gal
Maintenance hour ratio 8.0
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In Table 5.3, the item “usage period” is defined as the time period for which the
airline operates the aircraft before it is sold onto the secondary market. The term
“maintenance hour ratio” is defined as the number of maintenance man hours that
must be spent on the aircraft per hour of flight.
Under these conditions with the ATA Standard model, Kroo and Shevell predict
a cost in dollars per seat-nautical mile of $0.0543 in year 2000 US dollars. The DOC
model predicts $0.054 in year 1999 US dollars. When this is converted to 2000 dollars,
the result is within 1/10 of one cent. When the landing fees module is added into
the standard DOC model, the resulting DOC for the 747-400 is $.0597 per seat-mile.
These results show that under the conditions listed in Table 5.3, the DOC model
shows excellent agreement with the estimated actual direct operating costs of the
747-400.
5.4.5 Model Usage
The DOC modules are designed such that they can be used independently or as one
unit. The DAPCA IV module, for example, can be used by itself to evaluate the
effect that changing empty weight has upon the airframe cost. The DOC model can
also be linked to either the conventional or unconventional models.
When used with the unconventional model, multipliers for engineering time, man-
ufacturing time, and engine maintenance time are included, since the silent aircraft
will likely face greater costs due to novel design, use of novel materials, and new
engine designs.
The use of the DOC model to compare operating costs for the silent aircraft to
current airliners is discussed in Chapter 6 alongside the design of the silent aircraft.
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5.5 WingMOD use by the Silent Aircraft Initiative
The unconventional model described at the beginning of this chapter is not the most
accurate, thorough design tool available for analysis of the SAX aircraft, which is
a BWB-derivative. It does however represent a wholly independent model that is
usable and distributable within the Silent Aircraft Initiative. To provide a higher
level of fidelity as a check for the unconventional model, Boeing’s WingMOD code is
used alongside the unconventional model.
5.5.1 WingMOD Description
WingMOD is an MDO code that is used to optimize the design of lifting surfaces [46].
WingMOD was originally applied to the design of a composite wing for the MD-90 [45]
before being modified to optimize the design of the BWB [42, 44]. For this research,
WingMOD’s variables and constraints are set to reflect the SAX configuration.
Because WingMOD uses intermediate-fidelity analyses, which can be done in sec-
onds, as opposed to high-fidelity, like 3D viscous CFD, which can take hours, it can
take into account hundreds of design constraints at over twenty flight conditions.
These constraints deal with performance, aerodynamics, loads, weights, balance, sta-
bility, and control. For the purposes of the silent aircraft, maximum takeoff weight
(MTOW) is used as the optimization objective. The reason that MTOW is substi-
tuted for the ultimate objective of noise level for analysis with WingMOD is that the
only acoustic analysis codes that could run inline with WingMOD would be empiri-
cal noise estimates. Empirical estimates will be of very limited utility for the silent
aircraft, since most of the systems onboard will be novel, low-noise designs.
WingMOD works by modeling the aircraft as a series of spanwise elements, as
depicted in Figure 5-6. A modified vortex-lattice code and monocoque beam analysis
are coupled to generate aeroelastic loads. The aircraft is trimmed at a variety of flight
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conditions. Loading and induced drag are calculated from the resultant loading data,
and are then combined with profile and compressibility drag from empirical models.
Structural weight is set by considering the maximum elastic loads over all of the
flight conditions, and sizing the structure based upon bending strength and buckling
stability. Maximum lift is determined using a critical section method, wherein it is
assumed that the planform is at maximum lift when any individual spanwise element
is at its maximum coefficient of lift [43, 48, 21].
Figure 5-6: Layout of a BWB in WingMOD (from [48], with permission).
5.5.2 SAX Design Requirements on WingMOD
The SAX design in particular requires control of certain constraints and variables
within WingMOD in order to accurately model the changes made in moving from
a BWB to the SAX configuration. Table 5.4 lists the particular constraints and
variables modified in order to produce the SAX designs.
For this research, WingMOD is used in concert with the unconventional model as
a planform source, a weight model basis, and as the embodiment of expertise gained
by others who have been researching the BWB configuration for the past twenty
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years.
Table 5.4: WingMOD Inputs and Outputs used for Silent Aircraft design.
Constraint/Variable Related Requirement
Slat effect Model slat removal
Engine mass Model larger silent engine design
Engine location Model embedded engine location, including ducting
Mission range Explore effect of range upon MTOW
Cruise Mach number Explore effect of cruise Mach number upon MTOW
Cruise SFC Model performance of silent engine
Cruise altitude Explore pressure variation for cruise
Wingspan Examine effects of different spanloadings
Control surface actuation Examine controllability effects of control surface removal
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Chapter 6
SAX Design Model Utilization
In this chapter, the previously discussed unconventional model is used in conjunction
with WingMOD to perform several trade studies. These studies are used to evaluate
the earlier decisions about the nominal mission in Chapter 3. The trade studies are
also used to specify further details of the mission that have not yet been addressed,
like cruise Mach number and altitude.
Sensitivity to the effects of certain low-noise technologies is also modeled. For
instance, the silent engine design is much larger than that required for a conventional
aircraft of the same size. The effect of this extra weight on the structural weight of
the silent aircraft is examined, along with the effects of other low-noise systems.
Finally, the results of these studies are used to produce the silent aircraft design.
This design incorporates the work of the various teams of the Silent Aircraft Initia-
tive, including the silent engine design, studies into low-noise high lift and high drag
structures, and low-noise operational studies.
6.1 Design Trades
The following sections discuss the methods and results of design trades undertaken
to evaluate the nominal mission decision, as well as the effects of incorporating con-
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straints on the silent aircraft design which reflect the addition of low-noise systems.
6.1.1 Range
In Chapter 3, the nominal range for the silent aircraft was set to 4,000 nautical miles.
This decision was based upon the domestic U.S. and intra-European market choice.
Here, the effects of increasing this range by up to another 4,000 nm to determine the
effects of the change on the weight of the silent aircraft are examined. Weight will
be used as a surrogate measure of the increasing difficulty in meeting the noise goal.
That is, for lack of a dedicated acoustic model running in sequence with the rest of the
unconventional models, weight change will be used as an indicator of change in noise.
This will be an effective method for the silent aircraft, since other large changes in
noise, such as the modification of low-noise systems, are controlled, so that changes
in weight will be the only significant differences between the different aircraft in this
study.
Figure 6-1 shows the predicted variation in Maximum Takeoff Weight (MTOW)
with increasing range. The two different curves are the results from the unconven-
tional model and WingMOD. The higher slope, indicating larger gains in MTOW
with range, for WingMOD is due to the fact that WingMOD is a full planform opti-
mizing calculation, while the unconventional model was run for this plot with a single
planform, the required variations in input range, and all other inputs in Table 5.1
held constant.
As Figure 6-1 shows, increasing the range of the silent aircraft into the class of a
747-400 (approximately 7,000 nm) would add 19% to 28% to its weight, depending
upon which model is used (28% is the result used by the SAI for comparison, since
this is from the higher-fidelity modelling in WingMOD). This does not include any
additional weight due to a passenger number increase, which would likely be warranted
with the increased range. This increased weight would represent a significantly greater
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Figure 6-1: The effect upon maximum takeoff weight of increasing nominal mission
range.
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challenge for the silent engine design, as the engines would have to grow without
generating more noise.
Another way of analyzing the growth of aircraft weight with range is presented in
Figure 6-2. As the figure shows, Operating Empty Weight (OEW) grows quite slowly
with range. In addition, the fraction of the aircraft that the OEW represents drops
rapidly as range is increased. This means that the airframe does not grow much with
range, but merely takes on more fuel. Therefore, it is important to note that an
increase in range represents a challenge to the engine design, but would not cause a
great deal more airframe noise, since the takeoff noise is still driven by engine noise,
and the landing weight will grow slowly with range.
Figure 6-2: Operating empty weight growth with range, and as a fraction of MTOW.
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6.1.2 High Lift Devices
High lift devices are systems which either allow a wing to produce more lift at a specific
angle of attack and dynamic pressure, or extend the range of angles through which
the wing can operate without losing lift (stalling). In most cases, this is accomplished
through geometric changes to a wing. Increasing the lift at a particular angle of attack,
for example, is usually done with trailing-edge flaps. Flaps increase the camber of
the wing and/or increase its area. Increasing the stall angle of attack is often done
with leading-edge slats, which re-shape flow over the leading edge of the wing in order
to prevent separation. These two systems are depicted, in the deployed positions, in
Figure 6-3.
Figure 6-3: A wing in cross section, showing deployed leading-edge slat and trailing-
edge flap.
High lift devices are employed because they allow an airplane to effectively be
equipped with two different wings. One wing is small, thin, and clean, producing
little drag for cruise. The other is larger, has more camber, and can be driven to a
high angle of attack, all of which help the aircraft produce a great deal of lift at low
speeds for takeoff and landing.
A SAX design cannot use flaps, because flaps generate a conflicting requirement on
the trailing edge surfaces of the aircraft; the trailing edge must act as a tail, deflecting
slightly upward in cruise to balance the aircraft. On approach, when the aircraft is at
a high angle of attack, the trailing edge must be further deflected to maintain such a
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nose-high attitude. Therefore, surfaces that deflect downward, such as flaps, cannot
be used, since they will cause the aircraft to pitch down uncontrollably. There is
no separate tail with which to counteract the moment produced by the flaps. The
SAX therefore uses only slats, and achieves landings and takeoffs in the same space
as conventional aircraft by flying at a high angle of attack and taking advantage of
the inherently high wing area of the SAX planform.
The Challenge of Quiet High Lift
Nearly all current high lift devices utilize surfaces that mechanically separate from the
wing as they are deployed. These supplementary surfaces are then usually placed at
extreme angles of attack. This causes large vortices to be shed off the edges of flaps,
and separation to occur in the space between leading edge slats and the wing (Figure 6-
4). Both of these phenomena generate a great deal of noise. As was mentioned in
Section 1.1, airframe noise from high lift devices and other discontinuities on the
airframe now dominates the noise generated by aircraft on approach to landing. In
order for the silent aircraft to drastically reduce noise on both takeoff and landing,
the high lift system must use some new design or be eliminated.
The Cost of High Lift Elimination
The value of high-lift devices can be readily seen by attempting to design an aircraft
that does not utilize them and then comparing the relative performance of the aircraft
with and without high lift. The result can be readily predicted even before models
are incorporated. The reduction in achievable takeoff and landing lift coefficient will
result in an increase in wing area. This will cause increases in empty weight and drag.
These in turn will require increases in engine size and fuel load. The end result will
be an aircraft that is both much heavier and much more expensive to operate because
of the larger size, larger engines, and increased fuel burn.
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Figure 6-4: Vorticity within the slat cove at the leading edge of a wing, taken from [10].
Using WingMOD or the unconventional model, the magnitude of the required
changes to the baseline silent aircraft can be estimated. Figure 6-5 shows the differ-
ences in the planform of the silent aircraft when WingMOD is run with a constraint
that no slats are to be modelled. The outer chords are substantially increased in
order to decrease the local CLmax values and thereby prevent separation. This allows
the SAX to take off without slats, but it causes increased cruise drag. The increase
in cruise drag corresponds to increased fuel burn. The end result is an increase of
12% in MTOW.
Another important performance metric besides MTOW is Direct Operating Cost.
Using the DOC model, the difference in DOC between the two designs can be mea-
sured. The results are shown in Table 6.1, along with the MTOW and fuel load of
the two aircraft. This Table is WingMOD-generated data. Note that the values are
in dollars per seat per nautical mile.
The most obvious conclusion that can be drawn from Table 6.1 is that high lift is
worth a lot of money. The nearly one cent per seat-mile difference between these two
aircraft is easily enough to make the no-slat aircraft uncompetitive in the commercial
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Figure 6-5: Planform variation due to removal of slats on the SAX airframe.
Table 6.1: Comparison of slat and no-slat planforms for economic performance.
Item Slat-equipped Design No-slat Design
MTOW (lb) 360,000 403,000
Fuel load (lb) 96,000 133,000
DOC ($/seat-mile) 0.0628 0.0717
88
aircraft market. If we are to associate a lack of high lift with low-noise operation,
then we can also state that low-noise operation achieved by using an aircraft without
high lift must be weighed very carefully against the obvious economic disadvantages
of this premise. An alternative must be evaluated.
Conclusion: Silent High Lift
The reduction in economic performance and increased MTOW associated with the
removal of high lift systems altogether is prohibitively high, as Section 6.1.2 illustrates.
An alternative is needed for the silent aircraft. Heap and Crowther showed that there
are many potential systems that could be used to generate high lift without deflecting
noise-generating surfaces [6]. A few are listed below:
• Deformable Leading Edge: inflation or other technique to temporarily reshape
leading edge.
• Rotating Cylinders: deflection of flow using Magnus lift [20, 22].
• Boundary Layer Blowing or Suction: re-energizing or replacing the boundary
layer air.
• Vortex Generators: entrainment of high-energy air into the boundary layer.
• Acoustic Excitation: sound waves exciting the boundary layer.
Several of these technologies require significant power in order to deploy or oper-
ate. This is currently considered a shortfall, since loss of power on approach would
potentially result in loss of both thrust and lift. This would make a go-around im-
possible. For this reason, not all can currently be considered options for commercial
transport high lift systems. However, it is conceivable that power generation, aerody-
namic, and packaging problems can be worked out in the 25 year time frame allotted
89
for the silent aircraft’s deployment. If it is still not considered possible to use power-
dense high lift systems, then several options such as the deformable leading edge,
rotating cylinders, and even a modified slat with a filled slat-cove still exist1. For
these reasons and the economic reasons above, the unconventional model will be used
to examine configurations which assume local CLMAX values consistent with slats or
other similar high lift devices.
6.1.3 Engine Performance
Two of the less conventional aspects of the silent aircraft are the engine and the
engine/airframe integration. The silent engine will be an ultra-high bypass ratio
(UHBR) boundary layer ingesting (BLI) engine with a variable area nozzle. The
engine as mounted within the trailing edge of the silent aircraft is depicted in Figure 6-
6. The engine and installation designs are the result of work done by the Engine Team
of the SAI. The methodology for generating the configuration and engine requirements
for the silent aircraft have been published as separate studies [3, 5].
Figure 6-6: The boundary layer ingesting (BLI) engine on the silent aircraft.
This configuration choice is driven by the potential for very low fuel consumption
1A filled slat-cove is a design where the hollow region along the underside of the slat is filled as it
is deployed. This prevents the separation seen in Figure 6-4, which dramatically reduces the noise
produced by the slat.
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and noise generation. The high bypass means that a large fan pushes a great deal
of air at relatively low velocities, which keeps jet noise low and propulsive efficiency
high. The ingestion of the boundary layer means that low-momentum air enters the
engine instead of leaving the trailing edge of the aircraft. This feature also achieves a
fuel consumption benefit and a noise benefit: the air that is ingested into the engine
lowers the effective drag of the airframe, while the lack of a large boundary layer
on the trailing edge of the airframe lowers the noise generated at the trailing edge.
The variable area nozzle allows the engine to have a different effective bypass ratio at
different operating conditions. This allows the bypass ratio to be extremely large on
takeoff, keeping keep noise generation to a minimum, and lower at cruise, increasing
the thrust available at cruise.
Because no operating analogs to this system exist in commercial aviation, the
performance data for the engine are considered to be some of the higher risk areas
for the design. For this reason, it is important that the sensitivity of the overall
silent aircraft with respect to the engine is explored. For this study, the engine
performance parameters to be varied are the engine weight and the cruise Specific
Fuel Consumption (SFC). The engine weight sensitivity is important because the
weight of the novel components of the engine may not be estimated as accurately
as the more conventional components of a standard turbofan would be. The SFC
sensitivity is similarly important because of the untested BLI configuration, which
may not produce the predicted advantages in fuel consumption.
Figures 6-7 and 6-8 illustrate the variation in MTOW with variations in SFC and
engine weight. For both charts, the engine performance parameter that is being varied
is normalized relative to a baseline value. In Figure 6-7, the MTOW is plotted for
both WingMOD and the unconventional model. This shows an offset in the predicted
MTOW, but trends that are very similar for each of the performance parameters.
Figure 6-8 shows the same data, but with the MTOW values for both models
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Figure 6-7: Variation in aircraft MTOW with engine performance variation.
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normalized relative to the baseline for each model. This allows an easier graphical
comparison of the sensitivity predicted by each model. This figure shows that both
models predict much higher sensitivity to the cruise SFC value than to the weight of
the engine.
Figure 6-8: Normalized MTOW variation with engine performance variation.
The graphical data from Figures 6-7 and 6-8 are reduced to sensitivities in Ta-
ble 6.2. Note that the table is a listing of normalized sensitivities (fractional variation
in MTOW per fractional variation in a parameter).
Table 6.2: Normalized sensitivity of aircraft MTOW to engine performance.
Performance Parameter WingMOD Sensitivity Unconv. Model Sensitivity
Cruise SFC .2536 .3235
Engine Weight .0881 .1541
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Table 6.2 shows that both models predict significantly higher sensitivity to engine
fuel consumption than engine weight. The table also shows good agreement between
the models for SFC sensitivity, but larger variation in the sensitivity to engine weight.
Though these two parameters are not directly controlled in this study, it can be noted
that any future studies should take this into consideration when determining whether
a potentially large addition to engine weight may be traded for increased efficiency.
The increase in engine weight may easily be balanced by all of the fuel saved during
flight, thereby resulting in an overall drop in MTOW, DOC, or noise generation.
6.1.4 Cruise Mach Number
An important parameter to consider in refining the nominal mission specification is
the cruise Mach number. To this point, it has been fixed at 0.85, a value represen-
tative of current high-speed commercial transports. Since the SAI is interested in
potentially trading the slightly decreased productivity of a slower aircraft for the de-
creased takeoff weight and noise that it would generate, a study of variation in MTOW
with cruise Mach number was performed. Note that because of the extremely low fan
pressure ratio of the silent engine, required to keep exhaust velocity low, reductions
in cruise Mach number are highly beneficial for the operability of the engine. This
study does not take this factor into account when calculating weight or performance.
It does however account for the decrease in performance that is seen for turbofans
with increasing Mach number. This effect was modelled by using Gasturb to esti-
mate the difference in engine performance associated with changes in Mach number.
In addition, both WingMOD and the unconventional model take into account the
variation in profile drag with changing speeds.
Figure 6-9 shows the results of varying the cruise Mach number in both WingMOD
and the unconventional model. This demonstrates an evident shortcoming in the
compressibility drag module of the unconventional model. The compressibility drag
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value for the unconventional model is a fixed value, while WingMOD does a real-time
empirical estimate. This results in good agreement between the two models for the
lower Mach numbers (M = 0.80-0.85), but increasing divergence as the Mach number
climbs.
Figure 6-9: Variation in aircraft MTOW with cruise Mach number.
Figure 6-9 shows that there is small but non-negligible MTOW benefit (1.5 - 2%)
for reducing cruise Mach number, and, using the WingMOD data, a relatively large
penalty (up to 6%) for increasing cruise Mach number. Coupled with the increasingly
difficult operation of the silent engine at high Mach numbers, these data support a
potential drop in cruise Mach number.
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6.1.5 Span Variation
As the silent aircraft design was derived from Boeing’s baseline BWB designs, the
loading of the planform was changed several times. One of the ways to potentially
restore proper loading of the wing is to allow the wingspan of the aircraft to vary.
This allows more freedom within the optimizer to drop the area of the planform if this
is beneficial from a minimum weight perspective. To study this, the wingspan of the
SAX was constrained at various values to see how much of a decrease in MTOW could
be achieved. Since the unconventional model does not have a planform optimization
capability, WingMOD is used for this study. Figure 6-10 shows how the shape of the
silent aircraft planform varies as the span constraint is decreased.
Figure 6-10: SAX planform shape variation with different span constraints.
The total area of the silent aircraft drops when the span constraint is decreased
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the first increment, but as Figure 6-10 illustrates, the wing sweep and chords also
vary. This makes judging the differences between the planforms difficult using just
the outline. Figure 6-11 shows the normalized planform area and MTOW variations
as the span constraint is changed.
Figure 6-11: Variation in SAX planform area and MTOW with different span con-
straints.
Figure 6-11 shows that an immediate decrease of 4% in area and 2% in MTOW is
achieved by decreasing the span by one segment, defined as approximately 3.7 meters
or 12 feet. However, subsequent decreases in span do not show substantial further
decreases in area or weight. These data, in combination with the mission refinement
to be discussed below, suggest that at least one segment of the span should be taken
out.
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6.1.6 Mission Refinement
The previous studies of cruise Mach number and wing loading, through span variation,
are inherently linked to each other and to the pressure or altitude at which the aircraft
flies. An obvious follow-on is to now vary these three parameters, Mach number, span,
and altitude, in combination to attempt to achieve performance better than that of
any of the other studies. For this study, if an area reduction of the same size shown for
the three span reductions in Section 6.1.5 (approximately 4%) is assumed, then the
unconventional model’s predictions can be evaluated alongside those of WingMOD.
A mission which results in a design that exceeds the performance (i.e., has a lower
MTOW) of any of the previous designs is shown in Table 6.3.
Table 6.3: Refined nominal mission based upon trade studies.
Mission/Airframe Constraint Baseline Value Refined Mission
Wingspan (ft) 216 192
Initial Cruise Alt (ft) 35,000 40,000
Final Cruise Alt (ft) 43,000 45,000
Cruise Mach number 0.85 0.80
The planform that results from setting these mission constraints is shown in Fig-
ure 6-12 alongside the baseline planform. The reduced span and area are evident from
the plot. In addition, WingMOD and the unconventional model predict reductions in
MTOW of 3.6% and 2.8%, respectively. These MTOW reductions are greater than
any of the other trade studies, as should be expected when more than one of the
mission parameters are varied at a time.
6.1.7 Conclusions and Direction from Trade Studies
By combining the various trade studies presented here, a refined mission presented
in Section 6.1.6 was formulated. In addition, the relative sensitivity of the silent
aircraft’s performance to various parameters is now known. These data can now be
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Figure 6-12: Planform changes resulting from refinements to the nominal mission.
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used in the subsequent aircraft design.
6.2 The Silent Aircraft Design
6.2.1 Progression from Initial Studies
The design for the silent aircraft originated from the initial determination that the
configuration would be a BWB-derivative. Initial sizing was done based upon a rough
scaling of the 800 passenger BWB described in [17] to 250 passengers. This aircraft
was given the specification SAX01, and yielded preliminary size and performance
measures that could be used by the various Silent Aircraft Initiative teams. Some
specifications for this configuration are listed in Table 6.4. The planform shape is
depicted in Figure 6-13.
Table 6.4: SAX01 configuration performance estimates.
Parameter Value
Planform Area (ft2) 5,672
Wingspan (ft) 176
MTOW (lb) 371,000
The planform area for SAX01 is in retrospect quite small. The initial scaling of
the 800 passenger BWB to a 250 passenger model was ambitious, simply because the
scaling process took as an assumption that wing loading would be preserved. Due to
payload geometry, weight and balance, and other considerations modeled in the two
design tools used, this was not the case.
The next step was to incorporate better modeling to come up with potential
planforms with and without high lift devices. These aircraft were discussed in Sec-
tion 6.1.2, and are depicted in Figure 6-5. SAX02 is the designation for the baseline
aircraft without slats, and SAX03 is the designation for the baseline aircraft with
slats. These aircraft were the result of initial input from the various SAI teams and
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Figure 6-13: SAX01 planform shape.
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the use of WingMOD. The next major iteration was SAX05, depicted in Figure 6-12
as the planform with the smaller span. This design is the result of all of the design
trades described in the previous section.
The next step was SAX10, the design to be discussed in this section. It is the result
of the mission refinement that went into SAX05, plus more detailed analysis on the
part of SAI’s Engine, Airframe, Operations, Economics, and Integration teams. Each
of these teams used the previous designs to refine their own performance estimates,
which are now incorporated into SAX10.
6.2.2 Description and Performance
Figure 6-14: The planform of the silent aircraft.
SAX10 is designed to carry 250 passengers 4,000 nautical miles with the lightest
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design possible while integrating constraints which represent low noise technologies.
Table 6.5 lists several key performance figures for SAX10. The planform of the aircraft
is shown in Figure 6-14.
Table 6.5: SAX10 key performance figures.
Parameter Value
Planform Area (ft2) 8,112
Wingspan (ft) 192
MTOW (lb) 336,900
Cruise L/D 21.5
Cruise Mach number 0.80
Initial cruise altitude (ft) 40,000
Thrust loading (lb/lbf) 2.86
Wing loading (lb/ft2) 41.5
Approach Noise [33] (dBA) 78
Takeoff Noise [33] (dBA) 66
Flyover Noise [33] (dBA) 73
Direct Operating Cost ($/seat-nm) 0.0563
Table 6.5 reveals several key results that stem from the low noise requirements
placed upon the SAX configuration. First, the planform area and MTOW are the
lowest of any of the silent aircraft in the design series, except for SAX01, which was
merely a scaled planform estimate. These figures are the results of minimizing takeoff
weight using WingMOD, since takeoff weight is assumed here to represent a close
parallel for noise generated.
A second important datum in Table 6.5 is that the thrust loading for SAX10 is
quite low, meaning that the installed thrust is high. Table 2.3 in Chapter 2 lists an
800 passenger BWB as having a lower installed thrust per pound of aircraft than
any other aircraft in the table. However, as a result of the low noise requirements of
SAX10, the installed thrust is very high. This stems partially from the choice of a
UHBR turbofan. Such a powerplant will achieve low jet velocity at takeoff, producing
good acoustic performance, but will suffer from very large thrust lapse. The engines
are sized by the required thrust for the beginning of cruise, not by the required takeoff
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thrust.
Figure 6-15: A 3-D rendering of the silent aircraft [cited Jan. 2005] (taken from [37]).
The choice of a BLI engine installation dictates to a certain extent the number
and location of the engines. Figure 6-15 shows the four engines mounted on the rear
portion of the upper wing surface using BLI inlets. The choice of four small engines as
opposed to two large turbofans allows for greater embedding of the engines within the
airframe, since they have smaller diameters, and decreases the angle through which
the incoming flow must be turned in the inlets when the engines are embedded. The
extreme-rear mounting of the engines is a byproduct of the SAX design. The engines
effectively balance the airframe by offsetting the weight of the payload and associated
furnishings and systems. The mounting location also affords excellent BLI potential,
as the boundary layer is fully developed at the rear of the wing, so ingestion has the
greatest effect.
The acoustic data in Table 6.5 are from David Tan’s noise audit of SAX10. The
three positions where noise is measured are Approach (when the aircraft passes over
the airport boundary on approach to landing), Takeoff (when the aircraft has just
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taken off and is approaching the airport boundary), and Flyover (when the aircraft
is about to cut back throttle position). When the three noise levels in the table are
quieter than current transports of the size of SAX10, they are not very impressive on
their own. However, these values assume that several conventional systems are left on
the aircraft. The noise audit in Tan’s thesis was used to determine whether or not the
presence of conventional slats, landing gear, and a very conservative (high) estimate
of the noise from perforated drag rudders would dominate the aircraft noise. This
was indeed the case. So, a more aggressive estimate of the noise that SAX10 would
generate would be that which is generated when it is assumed that the conventional
slats and landing gear have been replaced with low noise versions so that they are
no longer the dominant noise sources, and that the drag rudders used on approach
can be made quieter, so that they are no louder than the engines. When this is the
case, SAX10 generates approximately 68 dBA on approach, 66 dBA on takeoff, and
71 dBA on flyover [33]. These values are still greater than what the SAI hopes to
achieve, but they are extremely quiet for this class of airplane.
Finally, Table 6.5 shows that SAX10’s low-noise design is also an economical
design, with the DOC number coming in under the 747-400 in Secion 5.4.4. This
cost number is partially due to the reinforcing requirements that a low-noise airframe
also be an aerodynamically clean design, and that the UHBR engine is also a very
low SFC engine. The landing fee associated with this DOC figure for the SAX10
design amounts to $0.0042 of the total $0.0563 per seat-mile cost. Under the assumed
schedule of noise fees at the time when the SAX10 design would operate, the 747-400’s
DOC would further increase to $0.0691 per seat mile due to the increased landing
fees for noisier aircraft.
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6.2.3 Low Noise Systems
The silent aircraft integrates many constraints representing low noise systems in the
design. Several of these systems and their effects upon the design are presented here.
Silent Engine Design
The silent engine’s design is incorporated into the constraints governing the SAX10
design by modeling an engine with a very large exposed area due to the large fan
diameter and the ducting depicted in Figure 6-15, the very low SFC number of the
BLI engine, and a low thrust to weight ratio due to the large, low pressure ratio fan.
Silent Takeoff/Approach Procedures and Systems
The takeoff trajectory assumed for the silent aircraft is set by a study of takeoff
requirements for the silent engine which was conducted by the SAI’s Engine Team.
This study uses statistical data at airports with varying altitude, temperature, runway
length, and climb gradient requirements in order to set the silent engine requirements
for takeoff.
The approach profile for the silent aircraft, at 6 degrees, is far steeper than con-
ventional approaches. This allows the aircraft to maintain a greater distance from
people on the ground, and therefore generate less noise at their location. However,
this requires that the aircraft both be able to maintain its position on the glide path
without accelerating and that it be able to perform a go-around from the greater
descent angle. Both of these scenarios were studied by the SAI. The balance of forces
that prevents acceleration on the glide path requires the generation of drag without a
great deal of noise. This is termed ‘Silent Drag’, and is addressed below. The ability
to perform a go-around from a 6 degree glideslope without upsetting passengers or
striking the ground factors into both the control power required of the aircraft and
the spool-up time required for the engine. Both of these issues were included in a
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study by the Operations Team of the SAI, which showed that a 6 degree glideslope
could be achieved in combination with a 145 knot approach speed.
Silent Drag
The SAX configuration is an aerodynamically clean flying wing. As such, it glides
very well, and accelerates on all but very shallow approach profiles. For this reason,
SAX10 requires the generation of additional drag on approach so that the aircraft does
not accelerate along the glideslope. Most commercial aircraft generate drag during
their approach using flaps, spoilers, and landing gear. However, these devices are also
powerful noise sources. The silent aircraft must generate drag without as much noise.
The proposed solution, being researched by Kiril Sakaliyski [29] as part of the SAI,
is a set of perforated spoilers to be mounted as drag rudders on the silent aircraft.
This will reduce the size and strength of the structures being shed from the edges of
the spoiler, and shift the frequency of the noise into regions that are less annoying to
the human ear. As was mentioned in Section 6.2.2, the prediction methods for this
type of spoiler are rather preliminary at this point, and will be refined as the silent
aircraft design progresses.
Silent High Lift
As mentioned in Section 6.1.2, the SAX design requires a high lift system in order to
be competitive with other commercial transports. However, current high lift systems
are too noisy. As a result, several alternative systems were proposed. These systems
and others are being evaluated by Christodoulos Andreou as part of the SAI.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions and Summary
This thesis was produced with the goal of modeling an unconventional aircraft that
could achieve the best acoustic performance possible while not sacrificing the ability
to compete in the global market. An unconventional model was produced for the
purpose of translating mission parameters and design constraints into a viable con-
ceptual aircraft design. This model was used in conjunction with an existing model
(WingMOD) to explore trades between various mission and design constraints. The
results of these trades and the efforts of many others on the Silent Aircraft Initiative
were used to produce a conceptual design, SAX10. This aircraft was presented and
evaluated in the context of aerodynamic, acoustic, and economic performance. The
key gains made in each of these performance metrics, as well as the areas where much
progress needs to be made were outlined. The results of this work are summarized
below:
• The current generation of aircraft are far quieter than previous jet aircraft, but
further gains in acoustic performance without a configuration change will only
come with increasingly large penalties to other performance metrics such as
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cost, fuel burn, or operability.
• The logarithmic nature of human sensitivity to noise means that an integrated
approach to aircraft noise reduction must be used. Any noise source that is not
considered during design can become dominant as the magnitudes of others are
reduced.
• The problem of integrated design for noise is well suited to MDO. In a design
where the objective (in this case low noise) is not obviously linked to any single
mission parameter or component choice, the interaction modeled by various
moderate-fidelity models linked together can yield synergy between disciplines
which would not have been quickly discovered by researchers without such tools.
• The configuration of the BWB-derived Silent Aircraft eXperimental (SAX) de-
sign makes it an excellent candidate for a very low noise commercial aircraft.
Its aerodynamic efficiency, low installed thrust requirements, clean wing, and
ability to efficiently incorporate a BLI engine combine to offer significant noise
reduction potential.
• The efficiency of the SAX design means that under current noise regulations,
it could be economically competitive with current aircraft. In an increasingly
noise-penalizing operating environment, the SAX design becomes economically
dominant over current aircraft configurations.
• The initial noise audit of the SAX10 design by David Tan revealed that this
design achieves large decreases in noise on takeoff and landing, but that any
conventional high lift systems or landing gear will wipe out such gains.
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7.2 Recommendations for Future Work
The methodology and results in this thesis make several requirements for future work
apparent. At the top of this list is the incorporation of a small (quick-running)
acoustic model into both the unconventional model and WingMOD. Throughout this
study, the assumption was made that if an aircraft has a particular set of low noise
systems and a particular technology level, then the noise generated by the aircraft
will always drop as the takeoff weight drops. As such, all of the trade studies focused
on the reduction of MTOW. While this assumption seems plausible and is supported
by the lower certificated noise levels of current smaller aircraft when compared with
larger similar aircraft, it is important to eventually move to optimizing with respect
to the actual objective of low noise instead of a surrogate.
The impact of the Silent Aircraft Initiative’s work will be directly proportional
to the perceived fidelity of that work. If a design is produced with purported noise
levels that do not exceed 50 dBA outside the airport boundary, but methodology
and documentation are suspect, then no progress will be made and the design will be
dismissed as environmental ivory tower thinking. Therefore, the methodology used
to produce the next several iterations of the SAX must be continuously improved and
reviewed by industry, so that a greater number of people are willing to believe that
such a great step forward in acoustic performance is actually possible.
The first noise audit performed by the SAI (on the SAX10 design) showed that
several key low noise technologies must be developed in order for the progress made
in any other area to show through. With conventional slats or landing gear, very
little of the progress made on engine and airframe noise can be seen, since the quieter
noise sources are dominated by the louder. A great deal of research will be needed
in order to select a alternative high lift system or to develop a new concept which
will meet the requirements of the SAX airframe while drastically reducing the noise
generated. The same is true of landing gear. Even if the landing gear are deployed
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drastically late, such as inside the airport boundary, conventional gear are still too
loud. Some sort of fairing or shielding for the landing gear will be required in order
to drop the associated noise level into the range of the other airframe components.
The low noise drag rudder which allows the SAX airframe to make a 6 degree
approach without accelerating on the glidepath is one of the newest concepts on the
airframe. Empirical models exist for all of the other components. The estimates of
drag rudder noise for SAX10 are conservative, but quiet high. As such, the modeling
of this noise must be continuously improved. When higher fidelity models exist, if
they show that the drag rudder is still a dominant noise source, then MDO must be
employed to determine the system-level cost of their removal, and what other options
may offer in performance advantages.
The methodology of producing an example airframe using the correct mission,
delivering these data to the engine team, and then producing another aircraft design
using the engine data and the mission data, as was done for SAX10, is not conducive
to obtaining a very well matched engine and airframe. It also hides the potentially
beneficial interaction of engine and airframe design from the researchers. Therefore,
one way of increasing the utility of the work done by the various teams on the SAI
would be to integrate a lower fidelity silent engine design tool with the current airframe
design tools.
The unconventional model itself must also be expanded as the various SAI teams
provide better estimates of the performance of the various components of the silent
aircraft. By the addition a CG model and a geometric model of the various systems in
the silent aircraft, the unconventional model could be used for planform optimization.
This would bring a great deal of new capability to the SAI. The engine model also
should be improved so that it can better model the particular performance of the silent
engine. By integrating low fidelity models from the engine team, the unconventional
model will produce better estimates of the thrust lapse and SFC variation with flight
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condition of the silent engine. This is key to determining the required fuel load and
the size of the engine.
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